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INTRODUCTION

By suitably choosing the catalyst and oxidant it is possible to
direct the conversion of methane either to oxygenated products (HCHO and
CH30H) or hydrocarbons (mainly CpHg). High selectivities to methanol and
formaldehyde have been achieved only at low conversion levels and only
using nitrous oxide as the oxidant (1,2). = Considerably more progress,
however, has been made in the oxidative coupling of methane to form
ethane and ethylene (C, products) (3-8). The purpose of this paper is to
show that both formation of oxygenates and C, products occur by a common
intermediate, namely the CH3* radical, which in one case reacts with the
surface to form methoxide ions, and in the other reacts mainly in the gas
phase to form ethane.

CONVERSION TO OXYGENATES

Molybdena supported on silica is moderately active and selective for
the catalytic conversion of CH4 to CH3OH and HCHO when N70 is used as the
oxidant as indicated by the results of Table I (1). Up to ca. 2%
conversion very high combined selectivities to CH30H and HCHO were
obtained, but at 6% conversion the selectivities to the desired
oxygenates were decreased considerably. With O, as the oxidant the
results were considerably poorer.

Although this system holds little promise as a practical catalyst,
it does provide insight into possible means of activating CH4s and
following the chenmistry of surface intermediates. This study, for
example, points to the role of thermally dgenerated O~ ions in the
activation of methane. Previous work by Bohme and Fehsenfeld (9) have
shown that gas phase O~ ions are very effective in the abstraction of
hydrogen atom from simple alkanes via the reaction

CHy + 0~ =~ CH3" + OH” (1)

Likewise, methyl radicals are formed on MoVI/Sioz via the photochemical
reactions

hv
MoVIo2- 4 MoVo~ (2)
MoVo~ + CHy, -~ MoVOH™ + CHj- (3)
and their EPR spectra are shown in Figure 1b (1,10). Of more importance
in catalysis, O~ may be formed by the thermal reaction of MoV/sioz with

N0, and CH4 reacts with these oxygen ions at temperatures as low as-
196°C. The resulting CHj* radicals are shown in Figure 1la.
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Infrared results (Figure 2) suggest that these CH3* radicals react
with the molybdena surface via reductive addition to form methoxide ions.
It is known from extensive work on the partial oxidation of methanol over
supported and unsupported molybdena that methoxide ions are intermediates
in the formation of formadlehyde. In the presence of water these
molybdenun alkoxide ions react to form methanol. Thus, the partial
oxidation of methane to oxygenates may be understood by the catalytic
cycle depicted in Scheme I. In addition to the selective cycle one must
also consider the possibility of a two-electron reaction with N0 to form
oxide ions. A molecule of CH4 would then have to be consumed in a
nonselective manner to reduce MoVl back to MoY. In principal the two-
electron transfer could be minimized by dispersing the Mo as a dimer on
the surface and by avoiding the reduction of this molybdenum to the IV
oxidation state.

OXIDATIVE COUPLING

When methyl radicals are formed on oxides which contain no reducible
metal ions, then the formation of methoxide ions is limited and the
radicals have adequate lifetimes either to couple on the surface or to
desorb into the gas phase. Several of the more active and selective
catalysts for the oxidative dimerization of methane are listed in Table
II, where it is apparent that the steady state yields of C, products may
reach 25%. The starting materials are given in the table and under
reaction conditions the working catalyst are mainly metal oxides which
are extensively covered by alkali metal carbonates. These carbonates
probably serve, in part, to prevent the formation of methoxide ions on.
oxides such as ZnO and MggMnOg.

In addition, alkali metal ions may yield specific centers which are
capable of forming methyl radicals. For example, with the Lit/Mgo, and
Na%t/ca0 catalysts centers of the type [Lit0~] and [Na'0~] serve as
sources of O~ ions, which activate methane as described in the previous
section (3,5). There is increasing evidence that at reaction
temperatures greater than 750°C, the alkali metal carbonates partially
decompose to form their respective oxides and that the oxides themselves
are able to activate methane. This is particularly true for Naj0;, which
is the most stable oxide of sodium (13).

on the crystal faces of closed shell oxides, of which Mg0 is an
example, the bonding of CHi° radicals is weak (14), and therefore it is
not surprising that the radicals emanate into the gas phase where
coupling occurs. It has been demonstrated that over a Lit/Mgo catalyst
>40% of the C; products may be formed by such gas phase coupling
reactions (15,16). Unfortunately, in the presence of molecular oxygen
other gas phase radical reactions may occur which ultimately result in
the formation of COj. Similarly, CpHg and CyH4 may be oxidized both
heterogeneously and homogeneously which limits C; yields to ca. 25%.
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Table I. Conversion and Selectivity during Methane Oxidation2/P

T, conven, selectivity, %

*c HCHO CH3OH co [P

550 1.6 79.5 20.5

560 1.9 80.1 19.9

570 2.9 64.3 13.8 19.1 2.8

580 4.0 58.8 10.0 27.7 3.4

594 6.0 49.5 7.8 38.1 4.6

21.0 g of Mo/Cab-0-5il, Pcyq = 75 torr, Pyzp = 280 torr, Pyyo =

260 torr, F = 1.33 nL/s.

bpef. 1.

Table II. Oxidative Coupling of Methane Over Promoted Metal Oxide

Catalysts
catalyst Temp, CH4 Conv, Cy Sel, CoYield Ref.
°Cc % % %

Liyco3/Mgo 720 43 45 19.4 1
LipCO3/Sm03 750 38 54 20.7 6
NaNO3/Mgo 800 39 57 22.4 7
LiyC03/2Zno 740 36 67 23.9 4
Na,C03/Ca0o 725 33 45 14.8 5
NaMno,/Mgo 925 22 70 15.4 8
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Figure 1. EPR spectra of methyl radicals: (a) after reaction of CHy
with 07 on Mo/SiOp; (b) after UV irradiation of oxidezed Mo/SiO; in the
presence of CHy. Reactions were carried out and spectra recorded with
the sample at -196 °C. (Ref. 1)
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Figure 2. Infrared spectra of methoxide ions on Mo/SiOp: (a) background
after reduction of catalyst in €O, followed by adsorption of N30 and
evacuation; (b) after subsequent adsorption of CHy; and evacuation; (c)
after adsorption of CH30H and evacuation. (Ref. 1)
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THE ROLE OF ALKALI PROMOTERS IN SELECTIVE
CATALYTIC COUPLING OF METHANE

Jon G. McCarty and M. A. Quinlan
SRI Int'l, 333 Ravenswood Ave., Menlo Park, CA 94025

ABSTRACT

The role of alkali promoters in increasing the hydrocarbon
selectivity of catalytic methane coupling is under investigation for
series of unpromoted and alkali-promoted alkaline earth and rare earth
oxides. Multilayer quantities of CO, and fractional monolayer quantities
of 0, and Hy0 evolved during temperature-programmed desorption (TPD)
experiments immediately following the stationary-state oxidative
dimerization of methane by Na/Ca0 and Li/MgO. These results suggest that
a relatively passive and protective layer of molten alkali carbonate with
surface hydroxide and surface oxide components is formed on the promoted
Ca0 and MgO surfaces during partial oxidation. Isotope exchange
experiments with deuterium-labeled methane in the absence of gas phase
oxygen showed high rates of H-D exchange on both the unpromoted and the
Na-promoted Ca0 catalysts, indicating that the formation of methyl
radicals may not limit the rate of production of higher hydrocarbons.

The presence of an adsorbed species that released methane at moderate
temperature, about 550 K, was also revealed in the TPD experiments
following methane dimerization. Methyl (or methoxy) and hydroxyl
entities coadsorbed on the carbonate layer are suggested as the source of
methane observed in these TPD éxperiments.

INTRODUCTION

An increase in the worldwide supply of natural gas, increasing
restrictions on the flaring of remote natural gas, and the high cost of
synthesis gas conversion provide great incentives to develop processes
that directly and economically convert methane to readily transportable
and higher value products.l"3 Hydrocarbon formation through the
selective oxidation of only the excess hydrogen in the methane molecule
is thermodynamically favorable, while direct thermal conversion of
methane to higher hydrocarbons is thermodynamically unfavorable and
energy intensive. However, the partial oxidation of methane is difficult
because of the relatively high reactivity of useful products and the very
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favorable thermodynamics for deep oxidation to carbon dioxide. Success—
ful processes for direct methane conversion into higher hydrocarbons must
therefore use highly selective catalysts that strongly inhibit total
oxidation, yet retain the capability of activating the stable methane !
molecule.

Several classes of catalysts have significant selectivity for
methane activation, including alkaline earth oxides, rare earth oxides,
manganese oxide, and oxides of the soft metals such as lead, cadmium,
bismuth, and antimony. Alkali promoters are widely used with methane
activation cat:alyst:s,l'_8 and often increase selectivity without a corre—
sponding increase in the methane conversion rate. Thus, alkali may act
more to suppress hydrocarbon oxidation than to promote methane conversion.
In the present, work we have used fixed-bed reactor kinetic studies,
methane H-D exchange reaction experiments, and post-reaction temperature-—
programmed desorption (TPD) examination to study the mechanism of methane
oxidative dimerization by a variety of unpromoted and alkali-promoted
alkaline earth oxide and rare earth oxide catalysts.

EXPERIMENTAL RESULTS

Catalyst Preparation

Samples of alkali-promoted alkaline earth oxide catalysts were
prepared from high-purity Cag, MgO, Ba(OH)Z, Na,C04, K,CO3 and LiyCO4
(Johnson Matthew, Puratronic , > 99.99%). The preparation consisted of
adding appropriate amounts of the alkali carbonate and alkaline earth
oxide or hydroxide to a small quantity of distilled water and boiling for
1 hour. The resulting slurry was then air dried overnight at 423 K.
Various mole fraction compositions were prepared where the mole fraction
of alkali metal is defined as the ratio of moles of alkali metal to the
sum of the moles of alkali metal and the moles of alkaline earth oxide.
BET (NZ) surface area measurements were performed on these catalysts
following a standard pretreatment. Complex rare earth oxide catalysts,
such as LaA103 and Lay04, were prepared by precipitation of nitrate salt
solutions with tetramethyl ammonium hydroxide, followed by centrifugation
and drying. These catalysts were calcined in air at 873 K and
characterized by x-ray diffraction and BET surface area measurements
prior to the kinetic studies.

Fixed-Bed Reactor Studies of Methane Activation

)
Isothermal reaction kinetics for methane activation by the alkali- |
promoted alkaline earth oxide catalyst were examined over a period of !
time (15 to 72 h) sufficient to establish stationary-state conditions. i
|

|
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catalytic rates were measured using a fixed~bed microreactor system.
Approximately 50-mg samples were loaded in 4-mm-ID quartz reactors. The
reaction products were analyzed by gas chromatography using a 6-ft
Carbosieve column with a flame ionization detector. The chromotographs
were calibrated using a certified standard blend of reactant and product
gases. The methane conversion and product selectivities were based on
the number of moles of carbon reacted per unit time. C,; yield is
defined as the product of methane conversion and selectivity. Product
distributions for the series of alkali-promoted alkaline earth oxides at
1000 K ranged from total combustion (for Ca0) to 74% C,, (for Li/Mg0).
The highest methane activation rate was observed for the Na/Ca0 catalyst.

The results of our kinetic studies are best understood as
competition between oxidative coupling of the methane and its complete
oxidation to COj. Both reactions show a positive reaction order with
respect to CH,; however, the coupling reaction was inhibited by
increasing oxygen partial pressure. Thus, with low oxygen partial
pressure, methane conversion was not altered by P, , but the selectivity
for CyHg and CyH, decreased with increasing Poz.

Extrapolation of our results to zero oxygen partial pressure
predicts that selectivities to CyHg approaching 100% are inherently
possible in alkali-promoted catalyst systems. Similar results in this
range of low oxygen partial pressures were reported by Ito, et a1.5 When
the degree of methane conversion is high, both CyH, and CoHg are
observed. The beneficial effect of low O, partial pressure on Cy,
selectivity has long been noted, and is the basis for the redox processes
involving the sequential partial oxidation of methane and regeneration of
the oxide with a:lrI as demonstrated in the work of Jones, et al.? and
Keller and Bhasin.

Temperature~-Programmed Desorption Studies

The temperature-programmed desorption (TPD) technique was to
identify adsorbate binding states as well as bulk phases in the alkali-
enriched alkaline earth oxide catalysts. After reaction at elevated
temperature, the catalyst was cooled to room temperature in the reactive
gas mixture. A stream of pure helium was then passed through the reactor
and the catalyst was heated to 1300 K at a rate of 1 K s”1. Desorption
and decomposition products were continuously monitored by on-line mass
spectrometry. The principal ion masses corresponding to CH,, Hy0, CoH,,
€0, C3H,, 05, CH30H, and CO, were continuously scanned (Figure 1 and
Table 1). Variable amounts of Oy, which evolve at high temperatures
(>1000 K), small amounts of H,0, and large quantities of CO, indicative
of bulk carbonate decomposition were observed. All catalysts
unexpectedly exhibited methane desorption at low temperature (650 * 50 K)
in submonolayer quantities.
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Figure 1. Temperature programmed desorption from alkali-metal-promoted
alkaline earth catalysts.
(a) 30 mol % LiMgO.
(b) 30 mol % Na/CaO.
(1 K+ 571 heating rate; 0.5 mle« s*! He flow rate)
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Table 1

TEMPERATURE-PROGRAMMED PRODUCT ANALYSIS?

Amount of Desorbed Product® (pmol g'l)

Conc. of Sites
Catalysts (pmol g~l) CH, Hy0 0, co,

0.01 Na/Ca0 96 3.5 (600) 312 (700) 1.1 (1175) 27.9 (800)
0.30 Na/Ca0 46 1.7 (675) 10.5 (400+) 0.6 (1100) 583 (1150)
0.30 Li/Ca0 17 0.4 (700) 0.8 (broad) 11.0 (>1100) 3.4 (>1100)

0.30 Li/MgO 40  12.9 (675) 15.8 (broad) 12.6 (1225) 683 (925, >1300)

4TPD conditions: 0.5 e’ s~1 He flow rate, 1 K g1 heating rate, 0.04 g
of catalyst.

bNumber of surface sites estimated assuming site density of 1 x 1019
sites m2 for the catalyst surface area following pretreatment at 973 K
in air for 48 hours.

SNumber in parenthesis refers to temperature of desorption peak maxima (K).

The quantities of evolved water vapor for 30 mol% Na/Ca0 and 30 molX
Li/Mg0 and oxygen for 30 mol% Li/Ca0 and 30 mol% Li/Mg0O approached the
estimated surface cation density based on the BET surface area measure-
ments, assuming 1.0 x 1019 gites m2. The C02 evolved for the 0.0l and
0.3 Na/Ca0 and 0.3 Li/Mg0 samples was almost equal to the quantity of
carbonate expected if all alkali was converted to the carbonate during
reaction. Thermodynamic calculations predict the formation of bulk
carbonates under reaction conditions, despite the low C02 selectivity of
the alkali/alkaline earth oxide catalysts. The nearly one-fourth
monolayer quantities of desorbing oxygen and water vapor (the latter
presumably from hydroxyl species) may arise from chemisorbed species or
possibly from gas dissolved in the bulk carbonate.

Isotopic Exchange

The extent of hydrogen exchange between CD4 and CH4 on calcium oxide
catalysts was investigated by injecting an aliquot consisting of a dilute
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mixture of CD, and CH; into a stream of helium and through the catalyst
bed at elevated temperatures. The degree of H-D exchange in the methane
components of the effluent gas was measured by on-line mass spectrometry.
Several pulses of a mixture containing 2.0 pmol CH, and 0.6 pmol CD, were
injected over a temperature range from 300 to 1200 K for Ca0 and Na-
promoted Ca0 catalysts and for an empty reactor containing the
thermocouple assembly. Ion current for masses 15 though 20 amu
corresponding to CHy*, CH,*, cDH4*, CD,H,*, cDyH* and cD,* ions
respectively, were scanned during each pulse.

Both pure Ca0 and sodium promoted calcium oxide showed substantial
activity for hydrogen exchange with CD,. The extent of H exchange
between CH4 and CD, was taken as the conversion of CD, since the
equilibrated population of CD; would be very small (< 1% of the total
methane) given the low D/H ratio (D/H = 0.3). At 980 K, 6% of the CD,
was converted to CD,_,H on Na/Ca0 (Figure 2) while about 60% was
converted on Ca0. Under these conditions, stationary-state methane
conversion with the Na/Ca0 catalyst was about 5%. Similarly exchange
measurements have been report:edl for MgO and Al,05. Based on CDy
conversion in the blank reactor, less than 15% of the observed exchange
with Na/Ca0 was attributed to homogeneous gas phase reaction or to
reactions occurring on the thermocouple assembly or reactor wall
surfaces.

Apparently the hydrogen exchange reaction and the coupling reaction
occur similtaneously. The temperature of the onset of hydrogen exchange
(800 to 900 K) is approximately the same as the appearance of C2+ and CO,
reaction products during the temperature programmed oxidative coupling of

methane over 0.3 Na/Ca0 and the onset of Ho0 and COy evolution during the
TPD experiments.

CONCLUSIONS

The kinetics of methane activation were examined for a series of Ca0
catalysts promoted by lithium, sodium, and potassium oxide/carbonate
salts. The methane conversion activity and higher hydrocarbon
selectivity follow the order Na > Li > K with respect to promoter. This
result is in accord with the idea that cation size, and presumably
intersolubility of alkali-alkaline earth cations, influences the nature
and surface density of active sites.

The sodiumpromoted Ca0 catalyst system showed high intrinsic C2H6
selectivity (> 80 mol% carbon basis in the limit of low conversion and
low oxygen partial pressure), good activity (about twice the methane
conversion rate per unit area relative to lithium—promoted magnesia under
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Figure 2. Isotopic concentration of methane pulses over 30 mol% Na/CaO at various temperatures.
(Pulse composition: 2.1 micromoles CH 4 0.6 micromole CD, )
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identical reaction conditions), and good stability (no observable
decrease in rate and selectivity after 72 hours). Our results are in
substantial agreement with published work.

Detailed reaction order experiments showed that the rate of methane
conversion was linear with methane partial pressure as expected and
independent of oxygen partial pressures, whereas the C, selectivity
varied as the square root of methane partial pressure and the inverse
square root of oxygen partial pressure. This result shows that operation
at moderate pressure (especially with fixed low oxygen partial pressure)
with Na/Ca0 and presumbaly other alkali-promoted alkaline earth oxide
catalyst would increase the hydrocarbon yield. Other kinetic studies
showed the weak dependence of C, selectivity of CO, partial pressure and
the strong correlation between ethene/ethane product ratio and methane
conversion.

ESR experiments were performed in situ at temperatures up to 920 K
to detect thermally induced radical oxygen anion species in the presence
of oxygen, methane, or a reacting gas mixture. Signals attributable to
0~ or [AY0"] centers were photoinduced at 78 K but rapidly disappeared at
higher temperatures (temperatures below 300 K). This result indicates
that O~ centers are not sites for methane activation by selective
dimerization catalysts.

TPD experiments indicate that the alkali components after extended
reaction exist in the form of (probably molten) carbonate salts on MgO
and Ca0 catalysts. Minor, perhaps fractional, monolayer quantities of
oxygen and hydroxyl species were also shown to be present on the working
catalysts. Other TPD experiments presented tantalizing evidence for an
organic intermediate which was stable at temperatures below 550 K, but
which decomposed into methane at 750 K in the absence of oxygen.

A picture of the working alkali-promoted alkaline earth methane
dimerization catalysts and the reaction mechanism 1is emerging from the
present work and the numerous methane activation studies under way
throughout the world. Recent evidence presented by the Texas A&M
group 2-15 convincingly confirms that a free radical mechanism involving
gas phase recombination of methyl radicals as a primary step can explain
the hydrocarbon product distribution for oxidative methane dimerization.
The initial step is the abstraction of a hydrogen atom by an active
surface oxygen species with subsequent release of a methyl radical ianto
the gas phase. The high exchange rates we observed between CD, and CHy
suggest that the production of methyl radicals is relatively rapid.
Methyl radicals are easily oxidized so that the catalyst surfaces must
have a very low concentration of reducible oxygen. The working catalyst
may be passivated by the formation of a molten or glassy layer of alkali
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carbonate over MgO or Ca0 surfaces. The carbonate layer may contain
surface oxygen or hydroxyl species. The location (gas/alkali carbonate
interface, bulk alkali carbonate, or alkali carbonate/alkaline earth
oxide interface) and the nature (07, 02', or 0'2) of the active site is
still uncertain. Additional research now under way should clarify both
the mechanism and nature of the active site for the initial methane
activation step.
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STUDIES OF THE GAS PHASE AND Li/TiO, CATALYZED
OXIDATIVE COUPLING OF METHANE

G.S. Lane and E.E. Wolf

Department of Chemical Engineering
University of Notre Dame
Notre Dame, Indiana 46556

ABSTRACT

The oxidative coupling of CHy was studied in the absence of catalysts and using a series of
lithium-promoted TiO catalysts by co-feeding CH4 and Oj. Under some operating conditions,
significant gas phase oxidative coupling can occur in the absence of catalysts. The general trend
dicated by the gas phase kinetics is that the hydrocarbon selectivity falls as conversion increases.
In the catalytic study, the degree of promotion was studied by varying the Li loading from 0 to
31.7% on the rutile phase of TiOy. Generally, increasing the Li loading reduces the combustion

capacity of the catalyst, lowers CHq conversion, and increases hydrocarbon selectivity. A 16.2%
Li/TiOy catalyst had CH4 conversions around 15% with hydrocarbon selectivities about 75%

measured after 2 hours time-on-stream. ‘X-ray diffraction, x-ray photoelectron spectroscopy, and
differential thermal analysis were used to characterize the catalyst.

INTRODUCTION

Oxidative coupling of methane has been demonstrated using cyclic feeds(1-3), and
co-feeding methane and oxygen (4-9), on a variety of metal oxide catalysts. Little attention has
been paid to the gas phase reactions that can occur, even though it has been established that the
mechanism involves the formation of CH; radicals. One of the objectives of the work reported here
was to establish the role of the methane oxidative coupling gas phase reactions. The second
objective was to determine the effect of Li on a lithium-titania catalyst system in relation to the gas
phase results. The rutile phase of titania was chosen because our previous work indicated that the
support imparted special oxygen transfer capacity to Pt supported on rutile (10). Lithium has been
shown to be an effective promoter for the oxidative coupling of methane (6), and for this reason it
was chosen to promote the titania catalysts. Characterization techniques involving XRD, XPS, and
DTA were used to relate the role of Li with the activity results.

EXPERIMENTAL

A detailed description of the experimental apparatus has been presented elsewhere (11), thus
only a brief description is given here. The activity measurements were carried out in a single pass
flow reactor (0.95 O.D., 15 cm long) made of fused silica. A resistive furnace was specially
designed to minimize non-isothermalities. Experiments were also performed in a reactor filled with
quartz chips and in a stainless steel reactor. Activity measurements were conducted by co-feeding
methane, Oy and He as a diluent. Typical operating conditions were as follows : i) temperature
600-800°C, ii) contact time 0.25 to 1.05 g s/ml, and iii) feed mole ratio of methane to oxygen of
2:1 to 37:1. The reactor effluent concentrations were measured by gas chromatography using
carbosphere and Hayesep Q columns in parallel. A different reactor was used for each catalyst
sample due to the apparent formation of lithium silicates on the reactor walls.

The catalyst were prepared by wet impreganation using Li,O dissolved in deionized water to
give lithium loadings of 0.0, 1.0, 3.8, 6.7, 11.0 16.2, and 31% on the rutile-titania support (12).
XRD analysis was conducted using a Cu K-alpha radiation, and XPS analysis were conducted on a
HP-5950 ESCA spectrometer with an Al anode.

RESULTS AND DISCUSSION
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Conversion and selectivity (amount of methane converted to a product) results for the gas
phase studies are shown in Figs. la and 1b at various reactant partial pressures and in Figs. 2a and
2b at various temperatures. Depending on operating conditions; gas phase resulis yiclded
selectivities varying from 65% at 2% conversion, to 29% at 32% conversion. Resulis obtained
when the reactor was filled with quartz chips were similar to the gas phase results, indicating that
the quartz reactor walls were not responsible for the gas phase results.However, activity
measurements conducted in a stainless steel reactor resulted in 100% oxygen conversion and
complete combustion of methane to CO,.

It is clear from Figs.1a and b and 2a and b that as conversion increases, selectivity to C,
decreases.This trend is valid when other variables, such as contact time or oxygen and methane
partial pressures, are changed, and it appears to be a generic relationship. A detailed comparaison of
the conversion versus selectivity in the gas phase and catalytic results has been made showing that
about half of the published results are below our gas phase results, whereas the other half are above
(11). This indicates that in some of the catalytic studies the catalysts promoted combustion of the
gas phase products to CO,.

Results obtained with a 1% Li catalyst are shown in Figs 1c and 14 at various reactants
partial pressures and in Figs. 1c and 2d at various temperatures. It can be seen that the catalyst
promotes the combustion of C, and CO to CO;. Under the various conditions shown in Fig. 1-2,
c-d, the C, yield obtained in the presence of the 1% Li/TiO, catalyst is lower than in the gas phase.

Figures 3(a) to 3(c) display conversion, selectivity, and yield (conversion times selectivity),
obtained with catalysts with different Li loadings, with a Li/MgO catalysts, and without catalysts.
The results were obtained-under the same operating conditions consisting of 250 mg of sample,
dilution ratio of 0.4 (to minimize gas phase results), 100 cc/min total feed flow rate, methane to
oxygen feed ratio of 4, 8000C,and after 2 hrs. of time-on-stream. The results in Fig. 3 show that as
Liloading increases up to 11%, oxygen conversion decreases leading to an increase in selectivity.
Further addition of Li tesults in an increase in conversion and selectivity, resulting in the highest
yield for the 16.2% catalysts. Past the 16% loading the conversion decreases again lowering the
yield.

XPS and XRD analysis have been conducted on the 16% catalysts at room temperature.
However, DTA analysis indicates that there is a phase transition at about 750°C; consequently, the
results at room temperature might not be relevant at the reaction conditions. The room temperature
results indicate that increasing Li loading decreases the concentration of surface oxygen which is
reponsible for the oxidation of reaction intermediates, Work is underway to characterize the catalyst
at reaction conditions, and ascertain the nature of the surface species responsible for the increase in
selectivity.
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Introduction

The direct conversion of methane to higher hydrocarbons is a
promising process for the chemical utilization of methane, which is a
major component of natural gas. Although many metal oxides (1,2) have
proven to be active and selective for the direct conversion of methane to
form C, hydrocarbons, there has been no general agreement on the mechanism
of met%ane coupling. Lunsford and co-workers (3) studied the oxidative
coupling of methane over Li/Mg0 and a series of rare earth oxide
catalysts. Their results suggested that methyl radicals are formed during
methane activation and the coupling of methyl radicals in the gas-phase is
the major route for C, hydrocarbons formation. On the other hand,
Carreiro and Baerns (Z) and Asami et al. (5) studied the oxidative
coupling of methane over lead oxo-salts and PbO/Mg0 catalysts,
respectively. Their results suggested that ethane is formed from the
coupling of adsorbed methyl radicals on the catalysts surface.

In addition, the types of oxygen species used for the activation of
methane or for the subsequent reactions of activated methane are not very
well defined. Lunsford and co-workers (3) suggisted that 0 is
responsible for the activation of methane and 0°- and/or 0,(g) are used
for carbon oxides formation on Li/MgO catalysts. Otsuka and Nakajima (6)
suggested that adsorbed 0, is responsible for the activation of methane
and Oz(g) is responsible %or the formation of carbon oxides over Sm203.

Lo et al. (7) studied the adsorption of methanol, methyl iodide and
methane over Sb 04/Si02 using NMR spectroscopy. They observed the
formation of me%hoxy species .over the catalyst surface; this intermediate
is the precursor for carbon dioxide formation.

The purpose of the present study is to use samarium oxide as a model
catalyst to investigate the mechanism of methane coupling at atmospheric
pressure using oxygen as the oxidant.

Experimental Procedure
Catalysts preparation

Samarium oxide (Sm,0,) catalysts were prepared from various samarium
oxides and salts. Different calcination temperatures were employed also.
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(1) Hydrothermally (HT) treated samarium oxide was prepared by
placing Sm20a (Aldrich 99.9%) in a beaker containing deionized
u

wvater. ReSidues obtained after evaporization of the water were
calcined at 800°C for 16 h and 800°C for 4 h.

(2) Samarium oxide was heated to 1100°C for 22 h.
(3) Samarium nitrate hexahydrate was calcined at 900°C for 1 h.

XRD was used to determine the phases present. Surface areas were
determined from BET measurements using N2 as the adsorbate at 77 K.

Reaction studies

Methane oxidation was studied using a laboratory scale fixed-bed
reactor system which could be operated in either flow or pulse modes. The
reactor consisted of a 7 mm ID and 19 mm length quartz tubes which act
respectively as the pre-heating and catalytic zone of the reactor. The 7
mm ID tube was fused to a 6 mm 0D, 1 mm ID capillary quartz tube in order
to reduce the extent of post-catalytic reaction giving rise to combustion
products.

Blank experiments were performed at a temperature range of 600°C to
775°C with quartz wool placed in the reactor. Catalytic tests and kinetic
studies were performed using the flow mode of the reactor system at
atmospheric pressure. 0.2 to 0.8 g.of catalyst was used, and the flow
rate ranged from 100 to 300 cc min ~. Excess CH, was used in the reactant
mixtures such that CH4/0 2 3. Effluent gases were analyzed using an
on-line gas chromatograpﬁ with a thermal conductivity detector. CO, O,,
and CH4 vere analyzed using a molecular sieve 5A column and 02(00), C02,
CH4, C2H6, C,H, and H,0 were analyzed using a Porapak Q columfi. Pulse
experiments Were performed using the pulse mode of the reactor system at a
total flow rate of 25 cc min = with or without gas-phase oxygen. Pulse
experiments using CH,I or CH,0H as reactants involved injection of either
reactant at the reac?or inlet.

Results and Discussion

The XRD powder patterns for the catalysts prepared in this study are
shown in Figure 1. The catalyst prepared by hydrothermally treated Sm203
shows the presence of two phases, B (monoclinic structure) and C (cubic
structure) phases (8,9). The C phase was the major component of this
catalyst. The catalyst prepared by calcining Sm20 at 1100°C for 22 h
shows the presence of the B phase only, and the ca%alyst prepared by
calcining Sm(N03) -6H20 at 900°C for 1 h shows the presence of the C phase
only. These resuits Suggested that the phase composition of the catalyst
is dependent on the salt used and the calcination temperature employed.
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Blank experiments revealed that the conversion of methane was less
than 1% with carbon oxides being the only products. This suggests that
the reaction of methane over samarium oxide is surface initiated.

Table 1 shows the activity of methane coupling over untreated (used
as obtained from Aldrich Chemical Co.) and hydrothermally. treated Sm20 at
steady state. The conversion of methane are practically the same for goth
catalysts. In addition, although the selectivity to CO is higher for the
untreated catalyst, the total yield to carbon oxides and to C
hydrocarbons are constant for both catalysts. These data suggest that the
twvo catalysts behave quite similar towards methane coupling. One possible
explanation to this similarity is that the untreated catalyst has been on
stream (CH4/0 = 3) for several hours at 700°C. During this time period,
the catalyst Is continually exposed to water.

Figure 2 shows the conversion of methane over the three Sm,0
catalysts prepared in the present study. Among the three catalys?s
tested, C-phase Sm20 is the most active and B-phase Sm,0, is the least
active for methane”coupling. Figure 3 shows the selectgv;ty to C
hydrocarbons over the three catalysts prepared. This figure shows that
the HT-treated Sm,0, catalyst gives the highest C, selectivity and B-phase
Sm,0, gives the lowest C, selectivity. In conclusion, C-phase Sm20 and
HT-tfeated Sm 03 catalys%s show a similar C, yield for methane coupiing.
Since most me%hane coupling studies over Sm,0, catalysts employ mixed
phase Sm 03 (B and C phases). The present Stidy will employ HT-treated

Sm 03, vgich consists of B and C phases, as the test catalyst for kinetic
ana echanism study.

Figure 4 shows the effect of CH,/0, ratio on methane conversion and
product distribution for methane coupliiig over Sm,0, at 750°C. High
conversions of methane and high selectivity to carbdn dioxide are obtained
at low CH,/0, ratios. On the other hand, high CH,/0, ratios favor the
formation of 02H6 in the expense of methane conversion.

Figure 5 shows the activity of methane coupling as a .function of
CH,/0, time on stream over HT-treated Sm20 . No appreciable changes in
either CH, conversion or product selectivi%ies are observed after the
catalyst nas been used for 20 h. This suggests that the present Sm20
catalyst is much more stable than the other unpromoted low melting me%al
oxides (such as lead oxide) in which catalyst deactivation due to catalyst
volatility is a serious problem.

Rate laws of the form:
d[gt:iuct! - k[CH4]m[02]n

vere determined for the formation of the principal products (CO, CO, and
CZH ) in kinetic studies. Nonintegral reaction orders.in both methdne and
oxygen vere obtained for the formation of CO and C,H.. These results
suggest that the rate-determining step for Czﬂ formation is the reaction
between methane and adsorbed oxygen (0.9 order in CH4 and 0.6 order in 02
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Table I. Activity of methane coupling over untreated and hydrothermally
treated Sm203 at 700°c, CH,‘/O2 = 3,

Catalysts b4 cH, Conversion X _ Selectivity
Cco 002 CZH4 CZHG
Untreated Sm203 21.9 17.1 38.0 20.9 24.0
HT treated Sm,04 21.2 11.7 46.2 19.9 22.2

Table II. Product distribution of methane coupling over Sm 03 as a
function of the # of the pulse at 800°C, 02/CH4/ﬂe =
2-0/5-7/130 with 0.4 g of catalyst.

# of pulse Rate of product formation
(pmole/min g)
Cco C02 C2H6 CZHA
1 17.2 101.1 6.8 14.6
2 19.7 90.9 6.7 14.0
3 17.2 87.7 6.4 13.8
42 -— - — -
5 10.7 79.9 4.5 13.1
6 9.8 56.4 3.8 11.0
7 13.5 42,2 3.2 11.0
8 23.2 38.9 2.7 10.6
9 24.9 37.2 2.2 8.9
10 b 21.4 27.9 3.0 8.9
reoxidation, 11 (20 cc) 22.2 104.8 6.9 13.3
reoxidation, 12 (10 cc) 21.5 70.9 7.2 13.1
reoxidation, 13 (5 cc) 20.9 46.9 6.8 9.1

8Molecular sieve 54 column was used to analyze the products formed from
this pulse experiment to determine whether all O, are consumed during
this pulse. It wvas found that all 02 are consumeéd during all pulse
experiments.

bReoxidation was done by passing 0, pulses through the catalyst until no

0, uptake has taken place, the vaiue in the parenthesis reflects the flow

rate of oxygen used during pulse exit.
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Figure 3.

Figure 4.
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Figure 5.

Figure 6.
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for a CH,/0, ration ranging from 4.5 to 18). Rate dependences for CO
formation were first order in oxygen and a negative order in methane.

This suggests that gas-phase oxygen or adsorbed molecular oxygen (or both)
are used for CO, formation. In addition, the inhibition effect of CH,, as
indicated by thé negative order, may be one reason why a 93% selectivity
to C, hydrocarbons is obtained at very high CH4/02 ratios, i.e., CH4/02 =
45 (9). »

The types of oxygen used for methane activation as well as the
subsequent reactions of activated methane was investigated by using the
pulse reaction studies. Figure 6 shows the product distribution obtained
for the pulse reaction with CH, as the only reactant. Consecutive CH
pulses led to an immediate decrease in the formation of both C H6 and
C H4. No C,H, is observed after the second pulse and no C H6 gs observed
a%ter three pulses. The total amount of oxygen used for the formation of
oxygenates during the first three pulses is less thaTgone mono%ayer of
oxygen (assuming an oxygen packing density of 1 x 10" atoms/m“). This
suggests that only surface oxygen species are used for the formation of C
hydrocarbons. This result is in good agreement with the kinetic data in
wvhich the rate-determining step for C,H, formation is found to be the
reaction between gaseous methane and adsorbed monoatomic oxygen. This
also suggests that the mobility of bulk oxygen to the surface is slow
compared with the rate of CZH6 formation.

Table II provides the product distribution for the pulse experiments
performed by co-feeding methane and oxygen (CH4/0 /He = 5.7/2/13) to the
reactor. Despite the fact that a high 02/CH4 ratio was used, the rate of
products formation declined as the pulse“experiment progressed. This
suggests that adsorbed oxygen species is involved in the formation of
products. If only gas-phase oxygen were required we would expect to
observe a constant rate of product formation.

The results also show that the decrease in the rate of CO, formation
is much faster than the rate of the replenishment of oxygen spécies on the
surface of the catalyst. This result is in good agreement with the
kinetic data in vhich the rate of CO2 formation is reoxidation limited.

The rate of formation of C,H, and C,H, also decreased as the pulse
number increased, but to a lessér extent compared to the decrease in the
rate of CO, formation. However, vhen the catalyst is reoxidized with 0
prior to C 4/02 pulses, the rate of C_H, formation is independent to thé
partial pressure of oxygen in the reactant (pulses #11 to 13). This
indicates that the catalyst is partially reduced at steady state since a
partial dependency on 02 partial pressure is observed in kinetic studies.

In addition, since the replenishment of oxygen species for CO
formation is slow and is the rate-determining step for CO, formatiédn,
suppression in this replenishment of oxygen species may l&ad to an
increase in C, yield. This also explains why a 93% in C2 selectivity is
obtained by 0%suka et al. (2) wvhen CH4/0 = 45 vas used.” In such
experiments, replenishment of surface oxygen for CO2 formation is
suppressed.,
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It is generally accepted that the breaking of a C-H bond of methane
is the rate-determining step in methane coupling. As a result, methyl
radical or radical-like intermediates are formed. The details on the C
subsequent steps of these intermediates are not very clear yet. The use
of methanol or methyl iodide as reactants, in conjunction with the pulse
technique, has permitted the subsequent steps following methane activation
to be probed. The major products formed from methanol and methyl iodide
are methane, carbon dioxide and carbon monoxide. Less than 10% of C
hydrocarbons are formed in both reactions. These results suggest that
methoxy species is a common intermediate formed from both methanol and
methyl iodide, as well as methane. This methoxy species will form either
carbon oxides or methane, plus ethane in cases where methane is the
reactant, depending on the availability of surface oxygen. Since less
than 10% of C, hydrocarbon are formed, it seems reasonable to conclude
that the coupiing of gas-phase methyl radical is a major pathway for
ethane formation during methane coupling.
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We have developed a family of catalysts for the oxidative coupling of methane which
achieve high activities and selectivities at temperatures lower than those currently in the literature.

Typical figures are: At 575 °C, GHSV = 28800 Hrl, CH4/0, = 2, total conversion = 11%, Cy

selectivity =43%. In this paper, we plan to present the development of the catalyst, and our results
on the identification of the active components. In addition we will also discuss our steady state,
pulse and TPR experiments which have lent some insight into the mechanism of the reaction.

Our steady state activity measurement experiments identified that the catalyst was
active both in unsupported and supported form. In general, the unsupported catalyst was more
difficult to activate than the supported catalysts. Also, the unsupported catalyst had a much lower
range of active compositions than the supported catalyst. We attribute this to the possible existence
of a wider distribution of crystal phases in the supported catalyst. The fact that the most active
compositions in both supported and unsupported catalysts occured at the same composition of
active components led us to believe that a characterization of the active species in the unsupported
catalysts would give us some information about the active species in the supported catalysts. X-ray
diffraction and ESCA studies identified a unique species in the active unsupported catalysts.
However, this material in pure form was not active asa methane coupling catalyst. We concluded
that some complex interaction between this species and the others in the active catalyst was the
cause for the activity.

One of the problems we encountered during steady state studies on the catalyst was
the fact that a catalyst composition which was active on one occasion was not necessarily active on
another occasion under identical conditions. In general, active compositions would achieve a high
level of activity approximately 45% of the time. This indicated the existence of multiple steady
states either in the in-situ preparation of the catalyst or in the reaction itself. TPR studies indicated
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that temperature hysteresis and multiple steady states did indeed exist for the coupling reaction in
the vicinity of our operating conditions. Surface titration experiments on the catalysts operating in
each of the two steady states indicated a difference in the way oxygen was incorporated into the

catalyst during operation at the higher steady state.

Steady state activation energy measurements and suitably designed pulse
experiments revealed that the reaction possibly occured by the following steps:

(1) Hydrogen abstraction from the methane to form CHj- species.
(2) Coupling of the CH3- species to CoHg.

(3) Pyrolysis of the Ethane to Ethylene.

(4) Oxidation of the Ethane and Ethylene to CO and CO,.

At this point we can only speculate, but we believe that the first two steps occur on
the surface of the catalyst, while the last two occur in the gas phase. We attribute the success of this
catalyst to its ability to abstract hydrogen from methane at a temperature low enough to support
reversible oxygen incorporation into the catalyst,
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ELECTROCHEMICAL STUDIES OF OXYGEN ACTIVITY DURING

THE OXIDATIVE COUPLING OF METHANE

By
Jeffrey W. McKown and Howard M. Saltsburg

Department of Chemical Engineering
University of Rochester, Rochester, NY 14627

When studying the kinetics of heterogeneous catalytic reactions, it is crucial to be
able to measure the surface concentrations under actual reaction conditions. Unfortunately,
there are virtually no techniques currently available which permit the measurement of these
surface concentrations under the atmospheric pressures and high tem\peratures that most
catalytic reactions occur. In this work we report the measurement of the thermodynamic
activity of oxygen on the surface of a Li promoted MgO catalyst during the oxidative
coupling of methane. This measurement provides additional information which may be
utilized in the description of the different reactions responsible for the formation of the
coupling and d(;ep oxidation products.

The measurement of the thermodynamic activity of oxygen on catalytic metal films
was first reported in 1976 by Vayenas and Saltsburg in a study of the oxidation of SO; over
Pt (1,2). An electrochemical cell consisting of two porous catalytic Pt films separated by
an oxide conducting solid electrolyte was utilized in these oxygen activity measurements.
It has been shown that the oxygen activity on the metal films is related to the measured
EMF through the Nernst equation. The surface oxygen activity is directly related to
the surface oxygen concentration and its measurement subsequently provides information

about reactions involving the surface oxygen.
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This technique has been extended by McKown (3) so that the thermodynamic ac-
tivity of oxygen on metal oxide catalysts may be measured under reaction conditions. It
was demonstrated that an electrochemical based oxygen sensor similar to that utilized
by Veyenas and Saltsburg was capable of measuring a mobile oxygen species on the o‘xide
catalyst surface. In this manner, the effect that the oxidative coupling of methane reaction

is having on the surface oxygen species may he monitored.

The oxygen activity on a Li promoted MgO catalyst was monitored along with overall
conversion and selectivity for a variety of reaction conditions. It was found that in the
presence of the coupling reaction, the measured surface oxygen activity was always lower
than its equilibrium value. Furthermore, the extent of deviation from oxygen gas-surface
was observed to be a function of reaction conditions. It was deduced that a reaction
involving the mobile surface oxygen was responsible for the lowered steady state amount
of surface oxygen. The magnitude of this deviation from equilibrium between oxygen in
the gas and on the catalyst surface must then be related to the rate of reaction depleting

the mobile surface oxygen.

As the selectivity for the formation of the C2 products increased, the deviation from
equilibrium between oxygen in the gas and oxygen on the catalyst surface was also ob-
served to increase. Since an increased deviation from gas-surface equilibrium indicates an
increased rate of reaction involving surface oxygen, it was concluded that the production
of the C; products, C;Hy and C;Hg, must involve a mobile surface oxygen species. Similar
arguments can be employed to deduce that the C; products, CO and CO,, must be formed

primarily by a reaction with oxygen from the gas.
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Lunsford et. al. (4,5) were able to characterize the active center responsible for the

activation of the CH,4 molecule in the Li promoted MgO catalyst using ESR. We have

combined their active site characterization with our oxygen activity measurements in a

mechanism which is based heavily on experimental observations.

We have demonstrated the ability to measure a quantity which is directly related to the

surface oxygen concentration on a metal oxide catalyst under actual reaction conditions.

This technique has provided vital information about the types of reactions responsible for

the selectivity in the oxidative coupling of methane.

The authors would like to thank the Petroleum Research Fund for partial support of

this research.
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THE PARTIAL OXIDATION OF METHANE AND ETHANE ON
WELL-CHARACTERIZED VANADIUM OXIDE SURFACES

K. Lewis, T. Oyama, and G. A. Somorjai
Department of Chemistry and Materials and
Chemicals Sciences Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Vanadium oxide ordered thin films were grown by condensing vanadium metal onto
gold single crystal surfaces then oxidizing it. Films of V,0g5 could also be
produced by condensing V,0g onto gold. After characterization by various
surface science techn1ques, chemisorption studies were carried out to study
the bonding of CH and 0. A high pressure cell was then used to carry
out partia]voxida%1on studies and the results were correlated with those
obtained on silica supported high surface area V,0g catalyst.

392



SYMPOSIUM ON CATALYTIC AND RELATED CHEMISTRY OF METHANE

PRESENTED BEFORE THE DIVISION OF FUEL CHEMISTRY INC.
AMERICAN CHEMICAL SOCIETY
LOS ANGELES MEETING, SEPTEMBER 25-30 1988

SELECTIVE OXIDATION OF METHANE TO FORMALDEHYDE OVER VARIOUS CATALYSTS

By

G.N. Kastanas, G. A Tsigdinos and J. Schwank
University of Michigan, Department of Chemical Engineering, Ann Arbor, Michigan 48109

INTRODUCTION

The conversion of methane into useful intermediate oxidation products instead of complete oxidation to CO2
or partial oxidation to CO is one of the most challenging problems for catalysis research (1). Oxidative coupling
leading to the formation of ethane and ethylene from methane (2), (3), (4) and production of oxygenates as
methanol and formaldehyde (5) , (6). (7). (8) are the two main directions pursued so far and several promising
systems have emerged although with low yields. The ultimate goal is to obtain useful intermediates as higher
hydrocarbons and/or oxygenates from the main source of methane, the natural gas.

RESULTS AND DISCUSSION
Activity of Vycor- Q |

Vycor glass has proven to be active in the n-butene isomerization at room temperature (9) as well as in the
adsorption of ammonia at 150 °C (10). It was generally believed that the surface hydroxyl groups played an
important role in the adsorption, being capable of forming hydrogen bonds with the adsorbates. Sheppard and
Yates studied the interaction of various molecules with Vycor glass by infrared spectroscopy (11) . In the case of
methane a new band, not present in the gas phase spectrum appeared, and it was attributed to physical
adsorption. Similar infrared spectroscopy results were obtained in a study of the adsorption of methane on
ZSM-5 zeolites by Yamazaki et al (12). Cheaney and Walsh (13) observed a high activity of Vycor glass tubes in
the combustion of methane. They attributed the activity to the deposition of a silicic acid layer on the glass
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surface during the manufacture of the Vycor glass which included a treatment with HF. When silica tubes were
coated with silicic acid, the high CH4 combustion activity of the Vycor tubes could be reproduced (13).

Throughout the couree ot our work a small amournt of ethane , from 0.14 mot % to 1.25 mot % based on
methane was present in the teed stream. Table 1 summarizes the total conversion of methane and the
selectivities of the various products obtained In our work over quartz and Vycor glass tubes. Ata CH4/O2 molar
ratio of about 1 and over the temperature range of 893 to 993 K both tube surfaces produced CoHg4 . CoHg,
HCHO and CO,. The formaldehyde was identified by Gas Chromatography and Mass Spectrometry. Under the
reaction conditions used here, CO was observed only over Vycor glass at temperatures > 940 K. The CO
production occurred mainly at the expense of HCHO. At a given temperature, the total methane conversion,
over Vycor glass was much higher than the one over quartz. At similar conversions (0.41% at 928 K for Vycor
glass and 0.37% at 993 K for quartz ) the CO3 selectivity over Vycor glass was much lower than the one
observed over quartz whereas the HCHO selectivity was somewhat higher. The very substantial difterences in
activity and selectivity between Vycor and quartz reactors despite identical flow conditions and reactor
geometries imply that gas interactions sensitive to the nature of the tube surfaces occur. However , in view of the
high temperatures, a contribution of gas phase reactions cannot be ruled out.

The residence time has a very significant ettect on the product distribution. Fig. 1 illustrates this effect for a
quartz reactor at 993 K where the residence time was increased from 3.3 s to 13.2 s by reducing the flowrates
by a factor of four while keeping the C‘H4 / O ratio close to 1. The total methane conversion increased from
0.3% to 2.52% . At aresidence time of 3.3 s the formaldehyde selectivity was 60% and the combined CaHy
and CyHg selectivity was 27%. The remaining 13% consisted of CO,. The short residence time quartz runs did
not produce any CO. At the iong residence time runof 13.2 s CQ was generated at the expense primarily of
HCHO. This implies that long residence times increase the probability of CO formation via the decomposition of
HCHO, a reaction sequence analogous to that observed in the combustion of methane (14) . Similar residence
time effects were observed in the Vycor reactors.

The methane to oxygen ratio is another important factor influencing the product distribution. Oxygen rich
mixtures strongly favor the overall rate of methane reaction and the rate of CO formation (at the expense of
formaldehyde). In view of the blank activity of the quartz, an upper temperature limit of 893 K was imposed on
runs with catalyst powders placed into quartz reactors.

Activty of silica} I )

Various silica based compounds in powder form, including silicic acid, Cab-O-Sil, and Ludox gel exhibited
similar trends of methane conversion as the empty Vycor and quartz reactors, although at much lower
temperatures. Methane to oxygen ratios lower than one enhanced the activity of these catalysts, in accordance
with the behavior observed in the Vycor brand and quartz tubes. Short residence times favored the selectivity of
HCHO.

Table 2 compares the overall rate of methane reaction and the selectivity over the various silica compounds
for aCHyg /0, ratio of close to1 at a temperature of 893 K. The rate of reaction is reported in two different ways,
based on the weight and the surface area of the catalysts as determined after the reaction.
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TABLE 1
Conversion and selectivity achieved over Vycor and quanz U tubes at CHy /O =1.14

T0Q % lotal % Selectivity
methane C2H4 CHg HCHO  CO Co2
conversion
Vycor €93 0.28 2 15 8 - 2
913 0.31 3 13 81 . 3
928 0.41 4 17 ™ . 3
943 098 4 12 “ 38 s
958 144 4 15 40 7 4
97 228 5 17 M “ 3
993 a3 7 19 z - 2
quanz 963 013 8 13 -] - 17
959 037 9 18 1] - 13
Flowrates : 10% CH in Ar=29.7 cm3 STP/min, Op=2.86 cm3 STP/min. P= 205 kPa
100
m G~
7 8 C
. B HCHO
3 B o
3 5 ) g co
3 7
@ 4,
# %
25
il A

FIGURE 1 CHg4 oxidation over empty quartz reactors. Elfect of the rasidence time on the product distribution at

993 Kand CH4/0Op cboseto 1

3.3

Residence time (s}
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TABLE 2
Activity and selectivity of various silica compounds at893 K and CH,4/ O5 closeto 1

Compound  Pressure  Overall CHg Overall CHy Surface area % Selectivity
[kPa] reaction rate reaction rate  after reaction CaoHg4 HCHO CO COy
[mol/gs]  [mol/m2 s] [m2/q]

Silicic acid 2183 1.98 E-7¢ 0.72E9 274 1 23 66 10
3400 26 E7 0.95 E-9 274 7 47 37 9
5150 42 E7 1.53 E-9 274 1 2 63 11
Cab-0-Sil 308° 275 E-7 1.44 E-9 191 1 30 4 24
Ludox gel 3770 09 E7 087 E-9 105 1 27 6 5

a Flowrates: 10% CHy in Ar=29.7 cm3 STP/ min, 0p=2.6 cm3 STP/min. P Flowrates: 10% CHg4in Ar=46.8
cm3 STP /min, Op=5.2cm3 STP/min. € 1.98E-7 comesponds to 1.98X10-7

Alithree catalysts produced CpH4, HCHO, CO and COp . From the silicic acid runs , a trend emerged of
increasing rate of methane reaction with increasing pressure. On a weight basis, silicic acid and Cab-O-Sil were
more active than Ludox gel. When normalized on a surface area basis the differences in reaction rates became
less pronounced. Therefore, it is very likely that the high per weight activities of silicic acid and Cab-O-Sil can be
attributed to their high surface areas . A similar surface area effect could also explain the relatively high blank
activity of empty Vycor glass reactors compared to the quartz reactors. Vycor glass is much more porous than
quartz, and consequently, Vycor has a higher surface area.

Figure 2 shows the Arthenius plots for the overall rate of CH4 reaction as well as for the rates of formation of
C2Hg, HCHO, CO and CO; over silicic acid at a pressure of 585 kPa . The temperatures were randomly selected
within the range of 783-893 K . Very good linear fit of the Arrhenius plots was achieved excluding the
possibility of substantial catalyst deactivation from one run to the next. In the case of formaldehyde, however , at
temperatures higher than 853 K a deviation fbrom linearity was observed in the Arrhenius plot, probably due to
secondary reactions of formaldehyde to CO and COp. The apparent activation energies for the overall rate of
methane reaction and the formation of the various products are summarized in Table 3. For comparison, the
apparent activation energy values for methane oxidation in empty Vycor glass tubes were also determined . The
95% confidence intervals used to estimate the activation energy error margin are also given in Table 3.

The apparent activation energies over silicic acid were generally lower than those over Vycor glass. On both
silicic acid and Vycor glass , the apparent activation energy values for formaldehyde were very low and had within
experimental error the same value.
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FIGURE 3 Arthenius plots for the methane reaction rates over MgO (P=205 kPa, CH4/O2=1), Gamma
Al203 (P=294 kPa, CHy / Op=0.1), Silicic acid (P=380 kPa, CHy4/O2=1), TiOp rutlle (P=515 kPa,
CH4/O2=1) and TiOp anatase (P=510kPa, CHy/Og=1)
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TABLE 3
Apparent activation energies for the rate of methane reaction and rates of procuct formation over silicic acid (at 585
kPa, 783 -893 K) and Vycor glass (at 205 kPa, 893-993 K).

Silicic acid Vycor glass

[ kd/mol | [ kd/mol ]
Overall CH4 Reaction 154 £10 217 £ 49
CpHy 213 +18 299+ 39
CoHg (not formed) 236 59
HCHO 125 £15 ( linear portion of plot) 123 £19
co 171115 264 £ 34
CO2 184 £18 ( non linear)

This might imply that once the methane molecule is activated the formation of formaldehyde is not
dependent on the nature of the catalytic surface and probably occurs in the gas phase. The difference in the
activation energy for CO , however, suggests that the subsequent oxidation and/or decomposition of
formaldehyde is sensitive to the nature of the catalytic surface or reactor walls.

The deactivation characteristics ot silicic acid were also studied by monitoring its activity over a long time
period. The methane oxidation activity maintenance was excellent over aperiod of 16 hrs at 863 K.

Effect of catah idi

In order to investigate the effect of catalyst acidity on methane oxidation, MgO, gamma Al,03 as well as two
forms of TiO5 , nutile and anatase, were selected tor a comparison with silicic acid. Figure 3 shows the rates of the
overall methane reaction over these materials in the form of Arrhenius plots. The basic MgO was the most active
catalyst. The rates over gamma alumina and rutile were of the same order of magnitude. The lowest rates were
obtained over the anatase. Under our reaction conditions, only the moderately acidic silicic acid and the anatase
produced formaldehyde. The formaldehyde yieids over the anatase, however, were much lower than the ones
over the silicic acid. Gamma Al;03 and MgO do not seem to preserve formaldehyde, yielding instead deep
oxidation products CO and CO». Rutile drives the reaction to complete oxidation, producing almost exclusively
CO, . The very substantial difference between the activity the rutile and anatase TiO, forms could be attributed
to different oxygen adsorption characteristics, possibly induced by the open structure of the rutile (15).

Inthe case of the gamma Al>03 and MgO , the CO5 selectivity increased with temperature at the expense
of CO, whereas for silicic acid the CO» selectivity remained almost unchanged at 10 to 13 %. As a consequence,
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silicic acid appears to be very promising for the conversion of methane into products besides CO5, because it

suppresses the COo production at higher temperatures and higher conversions

Gesser et al (16) as well as Foster (17) in their reviews of early work on the oxidation of methane to methanol
report that whenever natural gas or mixtures of methane and ethane were used instead of pure methane the
oxidation reaction was triggered at lower temperatures . Ito et al (2) found that an increase of the ethane
concentration over a methane oxidative coupling catalyst (Lit / MgO) improved the ethylene production.
Waestbrook and Pitz (18) reported that traces of ethane and propane shorten the ignition time of methane
mixtures with air.

We have further investigated the effect of the ethane on the methane conversion and selectivity by varying
the amount of ethane in the feed . Figure 4 shows the % seleclivity of the various products versus the % CH,
conversion for silicic acid at the temperature range of 833 to 893 K. Conditions (1) and (2) correspond
respectively to 0.14 mol % and 1.25 moi % of ethane in the feed stream (based on methane) . The increase in
the ethane percentage in the feed enhances the ethylene, HCHO and CO5 formation and suppresses the CO
production. The most dramatic increase occurs in the ethylene selectivity and thus it would be very reasonable
to aftribute the ethylene formation almost exclusively to the ethane. The improvement in the formaldehyde
selectivity could be due to the fact that the ethane and/or ethylene interactions with the surface inhibit the
destruction of formaldehyde. At a conversion level of 5 % the increase of the ethane percentage in the feed
from 0.14% to 1.25 % improves the selectivity of useful products (ethylene and formaldehyde) from 30% to 38%.

Runs of varying ethane concentration were performed over quartz tubes at 913 K and 445 kPa. The results
obtained are shown on Figure 5. It is clear that the ethane in the feed has a very dramatic effect in the
conversion of methane. By increasing the mol percent of ethane from 1.25% to 5.2 % based on methane, the
conversion of methane nearly doubled from 1.8% to 3.2 % . The ethane conversion also increased from 10% to
40 % and always remained higher than the methane conversion. At the highest ethane mol percent of 8.9%
complete conversion of ethane (90 % ) and a 34.4% conversion of methane occured. High conversions favored
the CO and COo formation, at the expense of formaltdehyde and ethylene.

Ethylene is considered as a primary product of the ethane combustion formed via the oxidative
dehydrogenation of the CoHs - radicals, in an analogous way that formaldehyde is a primary product of the
methane combustion formed from the oxidation of CHg- radicals (14). Therefore, the same silica surfaces that
produce formaldehyde from methane can lead to the formation of ethylene from ethane. The conversion of
ethane was always three to five times higher than the conversion of methane and this is in qualitative agreement
with the experimental values of Bohme and Fehsenfeld (19) where it was reported that the probability for the first
hydrogen abstraction increases with the size of the hydrocarbon chain. The ethane molecule apart from forming
CoHs: radicals by hydrogen abstraction is also likely to act as a source of CHz- radicals formed via C-C bond
breakage. Experimental data show that the rate of formation of CHg: radicals from ethane in this way Is two orders
of magnitude higher than the rate of formation of these radicals from methane (20). Therefore the CoHs: , CH3:
as well as the H- radicals, which are generated from ethane easier than from methane could activate methane or
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even Interfere in the process of the chain propagation occuring during the methane oxidation-combustion.

Ammonium heptamolybdate, ammonium metatungstate and H3BO3 were dissolved in Ludox colloidal silica.
The pH was then adjusted either with nitric acid or with ammonium hydroxide and high surface area co-gels up to
loadings of 12% by weight of MoO3, WO3 and H3BO3 on SiOp were prepared. Loadings of up to 5% by weight
of MoOg led to complete oxidation of methane to CO» under an increased overall activity. Loadings of 5% by
weight of WO3 did not have any significant effect neither in the methane oxidation activity of the plain Ludox nor
in the product dié!n‘butlon. A mechanical mixture of 5% by weight MoO3 with Ludox exhibited almost identical
activity and selectivity results as the 5% co-gel of MoOg3 . This may suggest that at the high loadings used in the
co-gels with Ludox MoOg may be present as a bulk phase.

As shown on Table 4 the boric acid co-gels dramatically improved the yieids of formaldehyde over the plain
silicas. it appears that while silica is responsible for the primary activation of methane, boron preserves the
formaldehyde from turther oxidation and / or decomposition to CO.

TABLE 4 i
Effect of boron in the activity and selectivity of Ludox silica at 903 K.

% Selectivity
Compound %Overall
conversion
HCHO  Cp= CO COp
Ludox silica ge! 5.2 8 13 55 24
7% H3BO3 / Ludox silica co-gel 4.9 47 12 34 7

Flowrates: 10% CHg in Ar=49.3 STP/ min, Opa5 cm? STP/min. P= 480 kPa. Ethane in feed: 1.25 mol% based
on methane.
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Effect of Loading and Support on the Activity and Selectivity of Partial
Oxidation of Methane, I. Lee and K. Y. Simon Ng, Department of Chemical
Engineering, Wayne State University, Detroit, Michigan 48202

The major component of our vast natural gas reserves is methane. Most of the
methane produced nowadays is simply used as fuel, with only a small fraction used in
the water-gas process. In order to utilize our gas reserves fully, it is desirable
to turn methane into more valuable oxygenated products. Even though methane is a
simple molecule, it is one of the most difficult hydrocarbons to oxygenate, due to
its highly symmetric character.

A number of patents have been claimed on technologies for converting methane
to methanol, but there is still no commercial oxidation process utilizing the direct
oxidation mechanism. Recently, a considerable amount of research has been
undertaken to identify a selective catalyst system. Two recent reviews by Pitchai
and Klier (1) and by Foster (2) have summarized the research on partial oxidation
reported in the literature. It is to be noted that most research work (3-8) has
focused on evaluating the catalytic potential of different compounds, but the role
of supports, the functions of promoters, and the effect of catalyst morphology have
not been studied in detail. There are indications that catalyst morphology can have
a significant impact on selectivities (1). Even though Liu et al. (4) used nitrous
oxide and Pitchai et al. (1) used oxygen as oxidant, they both observed that low
loading catalyst showed high selectivity. Catalyst morphology has been found to
depend on the metal loading, method of preparation, support, and promoter addition
(9). Based on the above literature survey, we have focused our efforts on
searching for a selective catalyst through support interaction, and to understand
the nature of active sites for partial oxidation of methane on different supported
catalysts. In this paper, we report our findings in the activity and selebtivity
of molybdenum- and vanadium-based catalyst on silica, silica-titania, and titania
support. .
EXPERIMENTAL
Supports

Three types of catalyst supports were studied, The titania oxide was P-25
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from Degussa, with a surface area of 50 £ 5 m*/g. The silica was from Kodak. Both
supports were used as received, without further treatment. The 1:1 ratio of
titania-silica mixed oxide support was made using the method of homogeneous co-
precipitation. Sodium metasilicate was first dissolved in double-distilled water and
acidified to pH 1 with hydrochloric acid. Equimolar of titanium tetrachloride was
then added and followed by neutralization using urea. The mixture was then heated
at 90 <C for 6 hours. The precipitate was filtered and washed with warm distilled
water. The mixed oxide was dried at 120 °C for 24 hours, followed by calcination at
600 °C for 1 hour.
Catalyst

The catalysts were prepared by the conventional impregnation method. The
molybdenum-based catalysts were prepared by dissolving the desired amount of
ammonium heptamolybdate in double-distilled water, and the PH was adjusted to 10
using ammonium hydroxide. For vanadium-based catalysts, the desired amount of
vanadium pentoxide was dissolved in an aqueous solution of oxalic acid. The
solution was then impregnated on the support. The resulting mixture was stirred
thoroughly and was dried at 120 <C for 2 hours, followed by calcination at 500 C
for 24 hours.
Reactor Svatem

A 6mm I.D., quartz U-tube reactor, with a reduction of I.D to 2mm immediately
following the catalyst bed, was used. The reactor design, which allows fast
removal of products from the furnace, is intended to minimize the gas phase
oxidation reactions. A K-type thermocouple with an Omega temperature controller
was used to control the reactor temperature to i 0.1 <°C. A typical of 0.1 g of
catalyst was used. The catalyst was first heated at 500 °C in helium for 1 hour,
and with CO in helium for another 30 minutes. The reactor temperature was then
lowered to 400 °C for 30 minutes in helium, and was subsequently increased to the
reaction temperature and the reactant gases introduced. Total gas flow rate is 8

c.c./minute unless stated otherwise. The compressed gases used -- methane
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(99.997), nitrous oxide (99.0Z), oxygen (99.9927), helium (99.995%), hydrogen
(99.97), nitrogen (99.9985Z), and carbon monoxide (99.91) -- were from Air Products
and were used as received. The mass flow rates of reactants were controlled by
Tylan mass flow controllers to t 1.0 Z . Water was introduced in form of steam
using a Havard syringe pump. The whole system is heat-traced with heating wire,
and insulated to prevent possible condensation of products and reactants. The
products were analyzed using an HP-5890A gas chromatograph equipped with TCD and FID
detectors. A 20 ft. Bayesep A column and a 5 ft. Hayesep Q column were used to
separate the products.
RESULTS and DISCUSSTON

Table 1 shows the conversion and selectivity of molybdenum-based catalysts with
different loadings on the silica, silica-titania and titania supports using nitrous
oxide as oxidant at 600 =C. On blank silica, there was a small conversion of 0.92
but no formaldehyde was observed. For the silica-supported molybdenum catalysts,
both the 1 and 32X loading catalysts gave almost identical conversion ( 7.51),
indicating that the 3% catalyst may already contain bulk-like molybdenum species
that are relatively inactive. The low loading catalyst gave a higher selectivity
(42.7%) towards formaldehyde than the 3% catalyst (32.5%), which is consistent with
the selectivity trends reported previously (3-5). Our results are comparable to the
results of Liu et al. (14% conversion and 157 combined selectivity towards methanol
and formaldehyde) and Khan et al. (2.6X conversion and 56% selectivity), taking into
consideration of the conversion-selectivity relationship (7). However, the
conversion-selectivity relationship 1is different when a different support is used.
On a titania-silica support, the catalyst has a slightly higher conversion (10.21),
but the selectivity is much lower (7.2%). When supported on pure titania, the
conversion of methane drops significantly, and no observable formaldehyde was
detected. It is apparent from this result that on different supports, the nature of
active sites 1s very different for partial oxidation. It is also suggested that

silica plays an important role in the reaction mechanism, as evident from the fact
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that mixed oxide support showed some selectivity.

Table 2 shows the effect of temperature on conversion and selectivity. For
the blank silica using oxygen as oxidant, no conversion was observed at 500 °C.
conversion of 0.1% with 53.8% selectivity was observed for 600 =C, and conversion of
0.6 with 481 selectivity was observed for 650 <=C. The 650 ©C data was almost
identical with Spencer's results (7). As we will see later, the selectivity is very
different when water is added along with the reactants. When nitrous oxide was used
as oxidant, a higher conversion (0.9Z) was observed at 600 <C, indicating that
nitrous oxide is a stronger oxidant compared to oxygen. Surprisingly, no
formaldehyde was detected. For the 1.7Z Mo/Si0» catalyst, the conversions are 0.92,
2.31, 7.5Z, 34.6I at 500 °C, 550 °=C, 600, and 650 <©C respectively. The
corresponding selectivities are 79.37, 73.51, 42.77 and 4.11. There 1s a strong
conversion-selectivity relationship, as reportedly previously. A similar
temperature dependence was also observed for the TiSiOa-supported catalyst.
However, at comparable conversions, the selectivity is much lower compared to the
silica-supported catalysts.

The performance of vanadia-based catalysts at 600 °C using nitrous oxide as
oxidant was shown on Table 3. With 27 of vanadia on silica, a conversion of 31.5%
and selectivity of 51.0Z were observed. The yield was calculated to be 132.2
glkgecat hr., which is significantly higher then yields reported in the literature.
It should be noted that for pure silica the conversion was found to be only 0.92
and no formaldehyde could be detected. Unlike the molybdenum-based catalyst, a 152
selectivity towards formaldehyde was observed when supported on titania.
Interestingly, no formaldehyde was observed for the TiSi0.-supported catalyst, even
though it showed a conversion similar to the titania-supported catalyst. It is
apparent that the nature of the active site for vanadium-based catalysts is quite
different from molybdenum-based catalysts, and that the effects of the support on
the nature of the active site are not the same.

Table 4 shows the effect of temperature on conversion and selectivity on




vanadium-based catalysts. The conversion was found to increase, as expected, as a
function of temperature; however, the selectivity-did not show the same conversion-
selectivity behavior as the molybdenum-based catalysts. The selectivity increases
from 442 at 3% conversion (500 °C) to 512 at 31.52 conversion (600 °C). However, at
650 °C, only carbon oxides were detected. For Ti8102-supported catalysts, no
formaldehyde was detected for the temperature range (500-650 <=C) tested. The
titania-supported vanadium catalyst showed a 152 selectivity only at 600 <C,
indicating that there is a narrow temperature range that can be used to produce
formaldehyde.

The effect of water added as reactant and the effect of contact time on the
conversion and selectivity is shown in Figures 1 and 2 for silica and vanadia-
silica. The results are consistent with those reported in the literature. The
conversion is generally lowered when water is added, with the exception of pure
silica at 650 °C using oxygen as oxidant. The selectivity towards formaldehyde was
generally improved. A more comprehensive study is continuing in this laboratory to
elucidate the effect of water on product selectivity. When the contact time was
reduced by 502, the conversion was reduced from 132 to 7.5, but the selectivity
increased from 5.02 to 11.62. With water added as reactant, a similar trend was
observed. The conversion was reduced form 11.8Z to 4.32 and the selectivity
increased from 6.32 to 24.3Z.

The effect of oxidant for vanadium-based catalysts is summarized in Table 5.
For pure silica, oxygen appears to be a better oxidant, with 822 selectivity (with
water as reactant) as compared to nitrous oxide (0 Z selectivity). However, for the
vanadia catalyst, N20 is obviously & better oxidant than oxygen, especially at a
higher reaction temperature (600 °C).

CONCLUSTON

The nature of the support has a dramatic effect on the catalytic activities

and selectivities of molybdenum- and vanadium-based catalysts. However, the extent

of support influence is different for the two catalyst systems, suggesting different
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levels of support interaction and possibly different reaction mechanisms. There is

a distinct conversion-selectivity relationship for the Mo/S$i0; catalyst. However,

this is not observed with the V204/S10; catalysts. Thus high conversion with

reasonably high selectivity seems to be possible with the vanadium catalyst to 4

produce a high yield. Addition of water reduces conversions but improves

selectivities in most cases. Nitrous oxide is found to be a better oxidant for

V20s5/S102 catalyst. However, for blank silica, oxygen gives a high selectivity {

towards formaldehyde, which suggests that modified silica can be a promising

approach to partial oxidation of methane.
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Molybdenum

Table

-~ Based Catalyst at 600 =C

CH.:N,0:He = 1:4:2

1

(W/ F =10.0125 g min / cc )

Total flow rate = 8 cc/ min

Yield
(g/kgcat hr)
(HCHO)

Catalyst Conversion
§i0. 0.9
Mo/Si0=2 (1.72) 7.5
Mo/Si0=2 (32) 7.4

Mo/TiS102> (1.7Z) 10.2
Mo/TiO=2 (32) 2.2

Mo/Ti02 (52) 1.7

Effect of Temperature on Conversion and Selectivity

CHo:N20:He = 1:4:2

Conversion Selectivity( 2 )

Catalyst
$i02 [o2%
N20
Mo/Si0, N20
(1.72)

Mo/TiSi0. N20

(1.72)

HCHO co
0 50.4
42.7 43.8
32.5 54.7
7.2 65.7
0 77.7
0 70.2
Table

49.6

13.5

12.8

27.1

22.3

29.8

2

( W/F = 0.0125 g min / cc )

Oxidant Temp( °C )

500
600
650

600

500
550
600
650

550
600
650

409

79.3

=~ o

50.4
10.5
19.6
63.5
83.9

65.7
56.5

Total flow rate = 8 cc/ min

Yield
(g/kgcat hr)

HCHO

- uo



Table 3

Vanadium - Based Catalyst at 600 <C
( W/F =0.0125 g min [ cc )
"CH.:N20:He = 1:4:2 Total folw rate = 8 cc /| min

Loading( wt I ) Conversion Selectivity ( 1 ) Yield

------------------ -————— (HCHO)
HCHO co CO2 gl/kgcat hr

Si02 0.9 0 50.4 49.6 ¢}

V205/5i02 (2X) 31.5 51.0 35.4 13.6 132.2

V20s/TiS102 (27) 11.4 4] 73.4 26.6 0

V20s/Ti02 (2X) 13.7 15.0 34.0 51.0 15.8

Table 4

Effect of Temperature on Conversion and Selectivity
( W/F = 0.0125 g min / cc )
CH.:N30:He = 1:4:2 Total flow rate = 8 cc/ min

Catalyst Temp ( °C ) Conversion Selectivity ( 2 ) Yield
--------------------- ( HCHO )
HCHO co €Oz (gl/kgcat hr)
V205/5102 500 3.0 44.0 43.4 12.6 9.7
600 31.5 51.0 35.4 13.6  132.2
(212) 650 42.8 0 62.8 37.2 0
V20s/Ti5102 500 2.3 0 76.9 23.1 0
600 11.4 0 73.4 26.6 0
(21) 650 25.6 0 53.7 46.3 0
V20s/Ti02 500 1.3 0 71.7 28.3 0
600 13.7 15.0 3.0 51.0 15.8
(212) 650 24,2 0 27.4 72.6 0
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Table 5

Effect of Oxidant
(W /[ F=0.0125 g min / cc )
CH4:Na2O:He = 1:4:2 , CH‘:Oa:Hé = 4:1:2 Total flow rate = 8 cc/min

Loading Temp Oxidant Conversion Selectivity( I ) Yield(HCHQ)
(Wt ) (=C) HCHO co COx gl/kg cat hr
Si02 600 0z 0.1 58.3 24,1 17.6 1.3
600 NaQ 0.9 0 50.4 49.6 [¢]
V20s/S1i02 500 Oz 0.2 38.5 42.5 19.0 1.4
(2121) 500 Na0 3.0 44.0 43.4 12.6 9.7
600 0z 13.0 5.0 69.1 25.9 14.4
600 N20 31.5 51.0 35.5 13.5 132.2
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ABSTRACT:

The oxidative pyrolysis of CH,C1, representing the second stage in the
Chlorine-Catalyzed Oxidative-Pyrolyaic (CCOP) conversion of methane into C
hydrocarbons have been studied 1in the presence of CH, in a flow reactof
operating at 0.7 atm and 900-950 C. The effects of temperature, mixture
composition, in particular the concentration of 0,, and residence times on CH,C1
conversion and selectivity towards the formatian of C, products have baen
explored experimentally. The role of CH, and other opeFational variables in
effecting rates and selectivities will 'be discussed in view of our current
understanding of the detailed chemical kinetic aspects of the CCOP process.
INTRODUCTION:

Chlorine-Catalyzed Oxidative-Pyrolysis (CCOP) process was recently developed
as a practical method to convert methane, the major component in natural gas,
into more valuable products such as acetylene and ethylene (Senkan 1987a). In
the CCOP process CH, is chlorinated to form chlorinated methanes (CM) first,
followed by the oxidative pyrolysis of CM to form Cz products such as C2H4,
CH,, CZHG' C,H4C, synthesis gas (CO and Hz), and HC1 in the second step. The
process developed ameliorates the problem of formation of carbonaceous solid
deposits inherent with the earlier chlorine-catalyzed methane conversion
processes which took place in the absence of oxygen (Gorin 1943, Benson 1980,
Weissman and Benson 1984). The HCY produced can either be converted back to
chlorine via the well-known Deacon reaction and recycled, or can be wused to

oxychlorinate methane to form CMs, thus completing the catalytic cycle for
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chlorine (Senkan 1987b).

In previous studies we reported experimental product distributions for the
oxidative pyrolysis of isolated CH3C1 in the presence of an inert (argon)
carrier gas (Granada et al. 1987). In parallel, a detailed chemical kinetic
mechanism for the oxidative pyrolysis of CH3C1 was also developed and validated
(Karra and Senkan 1988a).

As discussed in these earlier studies the selectivity for CZH4 can be
substantially high, e.g. about 40%, at low conversions of CH3C1. However, it
decreases rapidly with increasing conversion, rendering acetylene as the major
product beyond 30% conversion of CH3C1. Since CZH4 is a more desirable product,
the identification of proper process conditions that will favor its formation
clearly are of interest (C&E News 1987).

Pyrolysis of CH3C1 in the presence of CH4 increases CZH4 production over
CZHZ as demonstrated by Weissman and Benson 1984. However, in the absence of
02, the process also leads to the formation of significant levels of
carbonaceous deposits, in particular coke, which is undesirable.

In this communication we present results on the oxidative pyrolysis of CH3C1
conducted in the presence of CH4, in which coke formation 1is avoided. The
effects of temperature, 02 concentration and residence times on the conversion
of CH361 and product distributions are discussed based on experiments conducted
at 0.7 atm, 900-950 C, and for a CH3C’|/CH4 ratio of about 0.25. In addition, the
role of these process variables on conversion and selectivity is discussed based
on our current understanding of the detailed chemical kinetic aspects of the
CCOP process.

EXPERIMENTAL :

The experimental facility used has been discussed in detail previously

(Granada et al. 1987), thus only a brief summary will be presented here. The




experiments were conducted in a 2.1 c¢m ID quartz tube which was placed in a 3-
zone Lindbergh furnace. The first zone of the furnace, which is about 15 cm
long, was used to preheat methane which served as a reactive carrier gas.
Mixtures of CH3C1/02 were then introduced into pre-heated methane using an air-
cooled probe through radiafly directed injection holes. Small amounts of
nitrogen (3-5%) also were introduced into the feed mixture as an internal
reference gas.

Gases used were acquired either from the Matheson Co. (Joliet, IL) or from
Bennet Welding Supply Co. (Bensenville, IL), and had the following reported

purities: CH3CI:99.5% as liquid, CH4:99.97%, 02:99.6% extra dry, and N,:99.99%.

2
They were used directly from the cylinders, and their flow rates were controlled
by the combined use of two-stage regulators, rotameters and needle valves. The
needle valves were maintained under critical flow conditions to establish
uncoupled flow rates. A mechanical vacuum pump was then used to remove the
reaction products from the system. The pressure in the reactor was kept slightly
below atmospheric pressure (about 0.70 atm) in all the experiments to prevent
toxic gases from 1eak1n§ into the laboratory, and was monitored continiously by
a capacitance transducer (MKS Baratron, Burlington MA).

Mean gas flow velocities in the reactor were in the range 1-10 m/s,
suggesting that 1laminar flow conditions were present. However, the deviation
from ideal plug flow behavior would be in the range 10-15%, the same order of
magnitude as the other experimental errors (Cathonnet et al. 1981).

Gas samples were withdrawn continiously using a vacuum pump through a warm-
water-cooled quartz sampling probe positioned centrally at the downstream end of
the reactor, and then through a heated sample loop in the gas-chromatograph
(Hewlett-Packard 5880A). The pressure in sampling lines and the loop was kept at

about 0.25 atm to minimize the condensation of species, in particular H,0 and

2
HC1. Following the establishment of steady sampling conditions, that were



determined in prior experiments by studying the variation of mixture composition
as a function of sampling time, the sampling loop was automatically switched on-
line with the helium carrier gas. Gas separation and detection were then
accomplished by Porapak N (0.31 cm diameter by 1.8 m long) and by molecular
sieve 5A (0.31 cm diameter by 1.8 m long) columns (both acquired from Alltech
Assoc., Deerfield IL), and by the thermal conductivity detector, respectively.

Gas analysis was accomplished using standard gas chromatographic methods
(GC). For reactants, i.e. CH3C1, CH4, 02, and NZ’ GC response factors were
obtained directly by analyzing the reactor effluents in the absence of reaction,
i.e. at low temperatures. For reaction products, such as C2H4, CZHZ, CZHG’
C2H3C1, and CO a certified calibration mixture (Matheson Co., Joliet IL) was
used. For this calibration, a gas mixture having a composition reasonably close
to those encountered in the experiments was acquired. Consequently, we estimate
that the mole fractions obtained in this study should be accurate within + 5%.
Species mole fraction profiles were then obtained by moving the sampling probe
relative to the stationary injection probe.

Carbon balances for each measurement were made by using the following
definition:

(gas-phase carbon/NZ)

% Carbon balance = -c-coemammccooooo-ob0 '.'999’.319'.‘_'1‘?.‘3':".'9 * 100

(gas-phase carbon/NZ)feed mixture

and they were better than 95% for all the experiments.

RESULTS:

The major species quantified'directly by GC were the reactants CH3C1, CH4,

02, and N2 as the tracer gas, and the major carbon-containing products C2H4,
CZHZ' CZHG and CO. Since only trace levels of CO2 form in the CCOP process, it
was neglected in the final product analysis. Unlike the oxidative pyrolysis of

CH3C1, which leads to substantial C2H3C1 formation, very little C2H3C1 formed in
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the current experiments when an excess CH4 was present.

Before presenting any results a number of issues must be discussed
concerning the experiments. First, as we noted previously even small amounts of
02 in the mixture suppresses the extent of formation of carbon in the system,
and this effect is most dramatic with regard to coke formation. On the other
hand, when 02 feed was deliberately cut off, rapid coking, manifested by the
formation of black deposits on the inner surface of the reactor walls, was
observéd.

Second, although CH4 actively participates in the process, and dramatically
increases the concentration of CZH4 relative to CZHZ’ the précise quantification
of the extent by which CH4 contributes to this phenomena was rendered difficult
in the present studies because of CH4 reformation from CH3C1 and experimental
errors. For example, the absolute concentrations of C2 products formed in the
experiments were of the same order of magnitude as the uncertainties 1in the
measurements of CH4 concentrations. Consequently, we report selectivities based
on the amount of CH3C1 reacted. This appears reasonable because CH4 is expected
to form as a major product in the oxidative pyrolysis of CH3C1 even in the
presence of excess methane based on detailed chemical kinetic calculations
(Senkan 1988).

In order to systematically explore the effects of each of the process
variables on CH3C1 conversion and on product selectivities, we conducted
experiments in which independently adjustible variables were changed one at a
time. In Figure 1 the influence of temperature on carbon containing product
concentrations in the CCOP process are illustrated for a mixture wifh the
following pre-reaction composition: CH3C1 15.9%, CH4 75.9%, 02 4.12%, and N2
3.98%. Nominal residence times were about 330 ms. In this and subsequent figures
lines have been drawn through experimental data points {indicated by symbols) to

indicate trends.
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The compositions shown 1in this figure represent conditions at a fixed
position near the exit of the reactor, and therefore do not precisely correspond
to identical residence times. However, since the differences 1in temperatures
between these experiments were at most 50 K, residence times are expected to be
different by at most 5% due to temperature effects, well within normal
experimental error limits. Product (carbon) selectivities, determined relative
to CH3C1 reacted, similarly are presented in Figure 2, together with the percent
conversion of CH3C1.

As seen in Figure 1, temperature has the most dramatic effect on the
concentration of €O, with CO mole percent increasing exponentially with reaction
temperature. In contrast, the concentrations of all the C2 products varied more
gradually with temperature. These results can be explained in view of. the
detailed chemical kinetic mechanism for the CCOP process developed recently
(Karra and Senkan 1988a), and will be discussed in a future publication (Senkan
1988).

The effects of o2 concentration on rates and selectivities are presented in
Figures 3 and 4, respectively. These results similarly were obtained by sampling
gases near the exit of the reactor corresponding to a nominal residence time of
about 330 ms. The reaction temperature was 920 €, and the following 02-free pre-
reaction composition was used: CH3C1 20.6%, CH4 74.8%, and N2 4.56%. The
concentration of 02 in these experiments were changed by changing the flow rate
of 02 entering the reactor, while maintaining the flow rates of other gases
constant. Consequently, the data points presented in Figures 3 and 4 also do not
precisely correspond to same residence times. However, since 02 represents at
most 7% of the reaction mixture, differences in residence times are not expected
to be different by more than this amount, again within experimental error

limits. As evident from Figures 3 and 4, 02 concentration directly effects the
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1éve] of CO formed in the system, while its impact on cz products is more
subtle.

Since the CCOP process must proceed under non-flame conditions, the levels
of 02 in the mixture must be selected carefully (1987a). In this regard it is
important to recognize that d]though the presence of some 02 in the mixture is
essential to prevent coke formation, an excess 02 concentration is also
undesirable because of the onset of flame reactions. The onset of flame
reactions are characterized by the formation of excessive levels of (O, COZ, H,0
and soot. The formation of excessive Hzo, in particular, causes operational
problems because of its condensation together with HC1 on cold surfaces at the
exit of the reactor.

In Figures 5 and 6 the concéntration and selectivity profiles along the
reactor are presented for a mixture with the following pre-reaction composition:
CH3C1 1§.78%, CH4 71.62%, 02 4,23%, and NZ 4.37%. These profiles were obtained
at 920 C, and by moving the sampling probe along the reactor. The distance along
the reactor was measured relative to the point of injection of the CH3C1/02
mixture into preheated CH4. In this experiment, the total number of moles in the
system remained essentially the same, i.e. the absolute concentration of N2
measured by GC was constant, thus residence times were directly proportional to
distance along the reactor. Since the mean gas velocity in the reactor was 1.15
m/s, the data presented in Figures 5 and 6 correspond to residence times ranging
from 173 to 312 ms at the exit of the reactor.
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Worldwide proven reserves of natural gas are estimated to be approximately 3500
trillion cubic feet of which the U.S. has approximately 6 percent(l). Gas
production and consumption worldwide are about 63 trillion cubic feet annually. In
1985 the U.S. produced about 27 percent of this (i.e., about 17 trillion cubic
feet)(1). 1In terms of energy, natural gas consumption represents about half of the
total petroleum consumed and natural gas reserves are being discovered at twice the
rate of petroleum. This trend indicates the increasingly important role that gas
will play in the future energy supplies of the world.

Large quantities of this natural gas are located in remote areas, isolated rom
centers of commerce and population. No distribution network exists for its
transportation. In fact, gas assoclated with petroleum is often flared rather than
utilized. Transportation costs of remote natural gas are a relatively expensive
part of the final delivered price. Therefore, most natural gas is consumed in the
country where it is produced. Liquefied natural gas (LNG) terminals and vessels
can bring remote gas to market. In 1985, 30 percent (1.7 trillion cubic feet) of
natural gas traded internationally was transported as LNG and this percentage is
growing(?), For shorter distances, remote gas can be compressed (CNG) and
transported using tankers with pressurized containers. Alternatively, depending on
the economic conditions, on-land and subsea pipelines can be constructed to
transport the remote gas.

A potentially attractive option, currently being practiced in New Zealand, is
to convert the gas on-site to readily transportable liquids like methanol or liquid
hydrocarbons. These liquids can then be transported using coventional tankers.
The New Zealand plant produces 14,500 barrels per day of gasoline, which are
shipped to a refinery for blending into the New Zealand gasoline pool(3). The
option of on-site conversion of gas to liquids not only allows for easier
transportation but also produces a more valuable energy commodity, i.e. a liquid
transportation fuel in the case of higher hydrocarbons, or a petrochemical
feedstock, gasoline additive or turbine fuel in the case of methanol. In a world
where requirements for liquid transportation fuels are paramount, natural gas will
increasingly be used to fulfill this role.

Methane, the major consituent of natural gas, is also a by-product of Fischer-
Tropsch and other synthesis processes for the production of liquid fuels and
chemicals from synthesis gas. This methane must be reformed back to synthesis gas
if only liquid products are required; this process is both thermally inefficient
and expensive. Thus, alternative processes for converting this methane by-product
into liquids will also be a benefit to indirect liquefaction technology.

Conventional transformation of natural gas to methanol and liquid hydrocarbons

involves the reforming of the natural gas to synthesis gas followed by catalytic
synthesis to produce methanol. If hydrocarbons are required, the methanol can be
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further processed using Mobil’s Methanol-to-Gasoline (MIG) technology to produce
high octane gasoline(*), This conventional process is a complex processing
sequence involving the highly endothermic steam reforming reaction followed by
exothermic methanol synthesis.

If it were possible to convert methane directly to methanol or higher
hydrocarbons with high conversion and selectivity, both the steam reforming and
methanol synthesis steps could be eliminated. This direct conversion approach has
the potential for considerable savings in cost if technically sound processes can
be developed. Interest in direct methane or natural gas conversion has recently
intensified worldwide. Several approaches to this are being researched at oil
companies and in programs funded by the Department of Energy or the Gas Research
Institute. The more technically advanced processes are those that operate in the
temperature range 600-800°C.

This paper assesses the technical potential of some of these high temperature
direct methane conversion approaches being researched by various groups. These new
approaches are then compared to the conventional technology for converting methane
to gasoline by utilizing steam reforming, methanol synthesis and Mobil’s Methanol-
to-Gasoline (MTG) technology(3). The direct methane conversion approaches analyzed
in this report are Oxidative Coupling, Partial Oxidation, and Oxyhydrochlorination.
Computer simulation has been used to model the technical performance of conceptual
commercial plants that utilize these direct methane conversion approaches. In
addition, the conventional technology has been simulated with the same size plant
to provide a baseline to which the new approaches could be compared. These
analyses were based on the thermodynamics of the reactions and the reported yields
and selectivities for each process. Results are reported on the basis of the
efficiency of the lower heating value (LHV) of the product. LHV of the product is
the heating value of the product divided by the heating value of the reactant.
Sensitivity studies have been conducted for some of the new approaches to identify
the levels of performance necessary for these direct conversion techniques to be
technically, as efficient as the baseline conventional technology.

Data on Oxidative Coupling have been obtained from open literature sources that
document the results from Atlantic Richfield (ARCO)(5-®), Partial oxidation data
have been obtained from published results of H. Gesser et al. of the University of
Manitoba(®-14). Preliminary results of the Oxyhydrochlorination of methane have
been obtained from the Pittsburgh Energy Technology Center (PETC)15),

In the analysis of Oxidative Coupling, the system used was the redox mode. In
this approach, methane is contacted with a solid oxidant, in this case manganese
oxide on silica. This oxidant provides lattice oxygen for the oxidative coupling
of the methane and the manganese is reduced to a lower oxidation state. The solid
is then transferred to a regeneration reactor where it is reoxidized. The
reoxidized solid is then transferred back to the oxidative coupling reactor where
it reacts again with the methane. The products from the oxidative coupling
reactor, which are predominantly C,+ olefins, are then sent to a ZSM-5
polymerization reactor where they undergo oligomerization to form gasoline.

For analysis of Partial Oxidation, methane is veacted with pure oxygen at
pressures of 65 bar in a glass-lined, non-catalytic reactor to produce methanol and
carbon oxides. The methanol is then sent to an MIG unit, as in the baseline case,
to give high octane gasoline as a final product.

In Oxyhydrochlorination, methane is reacted with oxygen and hydrogen chloride
over a copper chloride catalyst(l®), The analysis assumes a process in which the
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products formed are cooled to remove water and hydrogen chloride, and the methyl
chlorides produced are sent to a ZSM-5 reactor where they undergo polymerization to
form gasoline and liberate hydrogen chloride. The first stage data used gave a 25
percent conversion of methane per pass and a selectivity to mono- and dimethyl
chlorides of 81 percent with a molar ratio of mono- to dichloride of approximately
4 to 1. Complete oligomerization of the mono- and dichlorides was assumed to occur
over the second stage ZSM-5 reactor to give a stoichiometric mixture of Cg
hydrocarbons and toluene.

Table 1 summarizes the known process parameters and calculated conversion
efficiencies for the new direct methane conversion approaches and the baseline
technology considered in this analysis. Using the preliminary data available, the
computer simulations of the new approaches all show overall system efficiencies
that are not greatly different from the conventional technology. Using ARCO data
for the 15 percent Mn/S10, system that gave a methane conversion per pass of 26
percent for a C,+ selectivity of 60 percent, an LHV product efficiency of 56
percent was obtained for the Oxidative Coupling approach. ARCO showed that
promotion of this system with sodium pyrophosphate increased C,+ selectivity to
about 70 percent. Our analysis shows that LHV product efficiency increases to 64
percent at this higher selectivity level. For Partial Oxidation, using the best
avallable data(8-19), an overall product efficiency of 59 percent was obtained. It
was assumed that a product selectivity to methanol of 83 percent was obtained at a
per pass methane conversion of 8 percent. For Oxyhydrochlorination, using the
assumptions mentioned above, the overall product efficlency was estimated to be 65
percent.

Oxidative Coupling looks promising provided that the selectivity to CO and CO,
can be maintained at a level of about 25 percent. The design of a practical high
pressure redox reactor system needs to be addressed. The excess waste heat from
the system, which is of good quality, also needs to be effectively utilized. If
this can be done with the current selectivities, then the overall system efficiency
including the potentially recoverable heat would be around 70 percent.

Partial Oxidation would appear to be a potentially attractive alternative,
based on our estimates of efficiency, provided that high methanol selectivities can
be achieved. However, the results from the University of Manitoba are considerably
better than have been achieved elsewhere; they may be a function of the particular
reactor dimensions used in the experiments. This requires further investigation.

Based on efficiency, Oxyhydrochlorination looks very attractive. However, this
analysis has assumed very favorable polymerization potential for the methyl
chlorides over ZSM-5, which has yet to be demonstrated in practice. Of greater
potential concern for this technology, however, is the severe materials corrosion
problems that exist with the handling and recovery of wet hydrogen chloride.

To further evaluate the process potential of these new technologles, additional
research and development is needed together with economic analyses to quantify the
expected cost savings assoclated with the elimination of steam reforming and
methanol synthesis.
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Abstract

The conversion of methane with nitrous oxide is shown to be catalyzed by silica-
supported heteropoly oxornetalates of Keggin structure, in particular 12-molybdophosphoric
acid (HPMo). The activity of the HPMo catalysts is related to the presence of a thermally
sensitive species whose degradation products are considerably less active in the oxidation of
methane. The thermally sensitive species are identifled as the heteropoly anions which are
stablilized on the silica support.

Introduction

In many countries, supplies of natural gas are more plentiful than those of crude oil,
often necessitating the importation of crude oil while, at least in some cases, natural gas is
exported. While the heat released per carbon atomn in oxidation is higher with methane than
with any other hydrocarbon, methane suffers from the disadvantage of its gaseous state under
ambient conditions. Further, although decreases in free energy are observed for the successive
elimination of hydrogen atoms, the complete oxidation of methane is thermodynamically more
spontaneous than any processes assoclated with the partial elimination of hydrogen.
Consequently, while natural gas, whose predominant component is methane, has found
considerable use as a fuel in stationary applications, it has seen relatively little use in
motorized vehicles, nor as a feedstock in the production of chemicals.

Interest in the conversion of methane to more amenable substances has resulted in
research efforts on the partial oxidation and oligomerization of the gas. A number of excellent
recent reviews are available (1-4). The studies of partial oxidation by Lunsford and co-workers
on Mo/Si0, (5) and
Somorjai and co-workers on Mo/SlO2 and V/ SlO2 (6) and that on oxidative coupling with
transition metal axides by Sofranko and coworkers (7-8) are particularly noteworthy.

In this laboratory studies of the surface, structural and catalytic properties of heteropoly
oxometalates have been in progress for a number of years. Heteropoly oxometalates are ionic
solids with discrete anions of cagelike structure. The anions of Keggin structure have a central
atom such as. for example, phosphorus or silicon, surrounded by four oxygen atoms arranged
tetrahedrally. Twelve octahedra with, for example, tungsten or molybdenum at their centres
envelope the central tetrahedron and share oxygen atoms with each other and with the former

(Fig. 1).
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Semiemptrical extended Huckel
calculations have predicted that the
solid heteropoly acid containing
tungsten as peripheral metal
element has more acidic protons
than that with molybdenum (9). In
addition, the oxygen atoms in the
latter anions should be more labile
than those in the former anions.
Indeed. methanol is converted to
hydrocarbons on tungsten-
containing heteropoly axometalates
but to CO and CO, on those
containing molybdenum (10).
Photoacoustic FTIR studies have
shown that polar molecules such as
ammonia (11), pyridine (12) and
methanol (13) are able to enter the
bulk structure of the heteropoly
oxometalates but nonpolar species
apparently cannot do so. The acidic
proton has been shown to protonate
the methanol molecule and at
elevated temperatures the C-O bond
undergoes a scission and the
heteropoly anions are
methylatedapparently at the
terminal oxygen atoms (14).

Fig.1 Heteropoly Oxometalate
Anjon of Keggin Structure

In the present work the axidative conversion of methane with nitrous oxide is studied
on various heteropoly axometalates, but primarily 12-molybdophosphoric acid (H;PMo,,0,,,
abbreviated to HPMo).

Experimental

Since methane cannot enter the bulk structure of the heteropoly oxometalates and the
parent heteropoly acids have low surface areas, it is necessary to support the acids on a high
area solid, in the present case silica (Davison Grade 407). An incipient wetness technique is
employed to load the solid. A fixed-bed continuous flow reactor with on-line gas
chromatograph (HP 5890) was employed for the catalytic studies (15-17). v

Results

Table 1 provides a comparison of the results for various supported heteropoly
oxometalates as well as supported molybdenum and vanadium catalysts. It is evident that the
molybdenum-containing heteropoly axometalates produce higher conversions and better
selectivities to partial axidation products than those containing tungsten. For comparison
samples of molybdenum and of vanadium on silica have been prepared by the method of Liu (5)
and the results are included in Table 1.
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Table 1

Converston and Selecttvity?
Conversfon Selectivity

Catalyst? CH, N0 co co, CH,0  CH,OH
HPMo (20.0) 5.1 36.4 65.0 22.5 12.0 0.5
HPW (26.2) 0.4 3.2 56.0 44.0 T nd
HSiMo (19.9) 2.5 17.0 58.6 32.3 8.7 0.4
HSIW (26.2) 0.4 2.8 440 56.0 T nd
V(1.66) 8.9 59.1 818 14.5 3.5 0.2

Mo (3) 0.4 33 57.0 31.0 12.0 T

a Reaction Conditions: TR=843K, W= 0.35g F=30ml min’! CH, (67%), N20 (33%)

b Figures in brackets refer to loading of the silica support in wt%.

The remaining of the results reported here pertain to silica-supported HPMo. As
expected the selectivity to partial oxidation products increases with decreasing contact time
until a maximum is reached. A maximum is also observed for the selectivity to CO while the
CO, selectivity shows a minimum. The production of CO, is found to increase with reaction
ternperature while that of CO and formaldehyde decreases. The selectivity to partial oxidation
produces and the conversion have been shown to be inversely related.

1t is of interest to consider the evidence for the participation of the heteropoly
oxometalate in the conversion process. The conversion and selectivity in the oxtidation of
methane with nitrous oxide on silica-supported HPMo remain relatively unchanged for
pretreatment temperatures up to approximately 773 K (Figures 2A and 2B). However at higher
ternperatures the conversion decreases markedly while the production of CO and CO,, remains
constant up to approximately 900 K. For temperatures higher than 900 K the production of
H,CO and CO decreases while that of CO,, increases with all three apparently approaching that
found with the support above.

Experiments in which the pretreatment temperature was held at that for which thermal
degradation is occurring (823 K} and the duration of pretreatment varied (Fig. 2C and 2D) show
a relatively gradual decrease in the conversion of methane and a small loss of HPMo while CO
increases slightly in quantity and the production of CO, and H,O decreases slowly. It is
evident that the activity of the HPMo catalysts is relate& to the presence of a thermally sensitive
species whose degradation products are considerably less active in the cxddation of methane.

The rates of reaction are found to be strongly dependent on the loading of HPMo on
silica (Fig. 3). The rates increase approximately linearly (except for that of methanol) and reach
maxima at a loading of approximately 120 p mol of heteropoly anions per gram of support.
This corresponds to a coverage of appraximately 1000 A/anion, to be compared with an
estimate of 100 A? for the cross-sectional area of the heteropoly anion. It seems reasonable to
assume, at least tentatively, that each anion is isolated on the silica support surface.
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Fig.2 Effect of the temperature of pretreatment during 16 h (left) and of the time of
calcination at 823 K under air (right) on the CH, conversion, selectivity, and Mo loading
of the 23-HPMo catalyst. Reaction conditions: CH, {67%), N,O (33%), Tg =843 K, W =
0.5¢g, F=30mimin™~. Symbals: {4) CO, (O) CO,, (O) CH,0, [X) CH, conversion, (®
Mo loading.

Infrared spectra show that the supported HPMo retains the heteropoly anion structure
up to temperatures as high as 973 K, suggesting that the silica is, in addition to providind'a
high area support for the HPMo, also acting to provide a thermal stabilization for the HPMo.
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CONVERSION OF METHANE TO HIGHER HYDROCARBONS
BY SUPPORTED ORGANOMETALLIC COMPLEXES
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ABSTRACT

Novel highly dispersed metal catalysts were prepared by attaching
metal clusters to inorganic oxides. The hydridoruthenium complexes
(containing one, four or six ruthenium atoms) were first reacted with
triethylaluminum, which releases one equivalent of ethane per hydride to
give a novel aluminum-containing complex. These complexes were then
anchored to the support (alumina, zeolite 5A, or Y-zeolite) by reaction
with acidic sites, in which another equivalent of ethane was released.
These catalysts were active in the conversion of methane to C, and
higher hydrocarbons at 750°C using a fixed-bed down-flow reactor under
anaerobic condition. Up to 50% selectivity for higher hydrocarbons was
observed with the alumina supported hexameric ruthenium clusters. The
zeolite supported tetrameric cluster produced less coke than the other
catalysts apparently due to the cluster being located inside the zeolite
supercage.

INTRODUCTION

Research on the technique of surface confinement to produce novel
catalysts for a wide variety of processes is continuing in many
1aboratories.1'4 We have been working on the development of novel
catalysts for converting methane to higher hydrocarbons. The catalysts
are prepared by reacting organometallic complexes of transition metals
with inorganic oxide supports to produce surface-confined metal
complexes.5 The metal complex is then decomposed to obtain very stable,
highly dispersed catalysts. The increased activity of highly dispersed
catalysts is desirable for activating the relatively inert methane and
because highly dispersed catalysts are resistant to coking. The use of
zeolitic supports will stabilize the highly dispersed catalysts which
are confined inside the zeolite pores. The variables we studied include

cluster size, supporting materials, and reaction conditions.
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EXPERIMENTAL DETAILS

Synthesis of catalysts

The synthesis of these catalysts involves three steps. The first

step is to synthesize the ruthenium cluster precursors.

The second step

is a novel approach developed in our laboratory that involves the

reaction of the organometallic clusters with alkyl aluminum. The final

step is to anchor these catalysts on supports by a chemical reaction

between the hydroxy group of the support and the alkyl groups of the

organometallic cluster to give a covalent chemical bond.

The organometallic complexes include a monoruthenium complex,

Ru(a11y1)2(CO)2; a tetrameric ruthenium cluster, H4Ru4(CO)12; a hexa-

meric ruthenium cluster, H2Ru6(CO)18; and a mixed metal cluster,

HyFeRuy(C0)13; all were prepared according to literature procedures.

6,7

The hydrido clusters reacted with triethyl aluminum at room temperature

(eq. 1). The reaction stoichiometries were determined by measuring the

quantity of ethane produced.5 These alkyl aluminum carbonyl ruthenium

clusters were then used to react with acidic supports:
molecular sieves, and LZ-Y 52 zeolite.

were again determined by measuring the quantity of ethane produced (eq. 2).

TH
H Ru, (CO) 1, + E€ ;AL EF_c’ (ET,Al)Ru,Hy (CO) 1, + EtH

-alumina, 5A

The reaction stoichiometries

(1)

THF
(ET,Al) RuH3 (CO) 5+ s-onz—s_?s-o—l\l(Et)Ru4H3(CO)12 + EtH (2)

The monomeric ruthenium complex reacted directly with the acidic support

to release one equivalent of propylene.

The tetraruthenium and the

mixed iron-ruthenium clusters were also supported on magnesium oxide by

the reaction of acidic hydride with the basic oxide.

All support

materials were in powder form except for the 5A molecular sieves which

was 60-80 mesh.
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General Procedure for testing catalysts

The activity of the catalysts were tested using a conventional
fixed-bed down-flow reactor. In:a typical run, the catalyst (0.5 g) was
loaded into a stainless steel reactor (0.22 inch ID) under an inert
atmosphere. The reactor was connected to the reactor system and purged
with helium for 15 min. A helium diluted methane gas (contains 20%
methane) was introduced through a mass flow controller to the reactor.
A back pressure regulator was set at 50 psig and the methane flow rate
was controlled by the mass flow controller. A thermocouple was immersed
in the catalyst bed and connected to a temperature controller. The
outlet gases were fed to a Carle 500 gas chromatography for sample
analysis. The GC was programmed to separate light gases including
hydrogen and hydrocarbons up to C5. The Cg and higher hydrocarbons and
other polar compounds (C6+) were back flushed from the column to the
detector. The calibration of Cé+ was based on the area integration and
referenced to the methane peak. Other components were calibrated with
standard sample mixtures. Initial methane concentration was measured
before and after each run at ambient temperature under the same
conditions. Each sample run lasted for at least 15 h and the products
were analyzed every hour. During the first 2 h of the reactions, we
detected small amounts of CO, which was released from the decomposition
of the metal complexes. The analytical data from the first 3 h of

reactions were discarded and the subsequent 12 h data were averaged.

RESULTS AND DISCUSSION

The ruthenium catalysts were tested at 750°C under 50 psig
pressure. Three different sizes of ruthenium clusters: monomer (Ru),
tetramer(Ru4), and hexamer (Ru6) were supported on three different
supports: -alumina, 5A molecular sieve, and Y-zeolite. The results are
summarized in Table 1. We used a commercial ruthenium catalyst which is
supported on alumina (obtained from Engelhard) for comparison. The
amount of metal loading were based on elemental analyses (Galbraith

Laboratory).
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Effects of cluster size

The commercial ruthenium catalyst gave a very high conversion of
methane (71.2%) but no hydrocarbon product was detected. Methane
conversion on the monoruthenium catalysts were considerably lower than
the ruthenium clusters (Ru, and Rug). In general, methane conversions
depend on the type of support and decreased in the order of alumina, S5A
molecular sieve, and zeolite. These results suggested that the methane
conversion was related to the amount of surface bonded metal. On
alumina, the metals are located on the surface while on SA molecular
sieves and on zeolite, increased amount of metal were located inside the
zeolite pore. The differences of methane conversions were more obvious
for the Ru, catalyst where the conversion decreased from 10.1 to 4.9 and

to 1.7% on alumina, 5A molecular sieve, and Y-zeolite, respectively.

Our intention in using different supports is to confine the
ruthenium cluster at different locations on or within the support.
Hence, the Ru, and Rug clusters are dispersed on the alumina surface but
are partly confined inside the pores of zeolite supports. The pore size
of 5A molecular sieve is too small for the Rug cluster but should be
large enough for the Ru, cluster after decomposition. Since the
Y-zeolite has the largest pore (~ 17), most of the Ru, are located

inside the zeolite pore.

Product selectivity

All the ruthenium catalysts produced thane and ethylene. The
selectivity of C, hydrocarbons for Ru, clusters increased as the percent
conversion of methane decreased. The RugAL has the highest total hydro-
carbon yield which probably due to the higher metal loading. The total
hydrocarbon yield on RugMS and RugZL are about the same but the the
RugZL has a higher selectivity for Cy product. Confining the metal
cluster inside the zeolite cage may also limite the propagation of
methane polymerization. The ruthenium monomers gave relatively low
hydrocarbon yields indicating that polymerization of methane required

more than one metal atom.
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Table 1

ACTIVITY OF RUTHENIUM CATALYSTS ON METHANE DEHYDROGENATION?

Flow Rate Methane Selectivity® to
Catalyst®  Ru(wts) (mL/min) Conver(s) Hy(3)  Cp(%)  Cg,(%)

Ru-com 0.50 50 71.2 151.0 --d --
RUAL 0.35 10 3.0 139.9 2.8 --
RuMS 0.31 10 2.3 147.5 1.2 --
RuZL 0.37 10 1.7 177.5 2.6 --
Ru AL 0.61 100 10.1 78.6  1.62 --
Ru,MS 0.49 100 4.9 146.6  3.52 --
Ru,ZL 0.61 50 1.7 25.3 6.9 28.9
RugAL 1.26 50 6.1 113.4 6.9 41.4
RugMs 0.19 50 5.6 192.8 1.0 14.8
RugZL 0.20 50 3.6 161.9 3.6 10.0

3Reaction condition: temperature=750C, pressure=150 psig.
Abbreviation: Ru-com=commercial ruthenium catalyst from Engelhard;
Ru,=(CoHg)9A1RU,H4(CO) 19;Rug=(CyH5) )AIRu H(CO) 1 g;

Ru=Ru(A11y1)(CO)2; Al=-alumina; MS=5A molecular sieve; ZL=LZ-
Y-zeolite.

€Selectivities were calculated on converted methane. Selectivity to
hydrocarbons are based on carbon number.

Not detected.

Coking

The results listed in Table 1 show that more than on equivalent of
hydrogen was produced per methane input, which suggests that some of the
methane turned to coke. The elemental analyses listed in Table 2 showed
that the RuaAL, RuAMS, Ru6AL and Ru6MS contained more carbon after
reaction with methane. In contrast, the carbon content of the RuAZL
decreased after reactios. Thus, those catalysts having metal dispersed
on the support surface (and therefore larger particle size) promote coke
formation while the metals confined inside the zeolite cages have much
reduced coking. For the Ruy,MS, the carbon content only increased
slightly to 4.38% as compare to more than 20% for the Ru,AL suggesting

that at least a portion of the metal clusters are located inside the
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cages of the molecular sieve. On Y-zeolite, the Ru, cluster in fact
showed a decrease in carbon content indicating very low coking. The
decrease is due to the decomposition of the ruthenium complexes, i.e.

release of carbon monoxide.

Table 2

ELEMENTAL ANALYSES OF RUTHENIUM CATALYSIS FOR METHANE DEHYDROGENATION®

Before Reaction After Reaction
Catalyst 3C sH %Ru 3C $H %Ru
Ru AL 5.09 1.04 0.61 26.50 0.40 0.57
Ru, MS 1.46 1.13 0.49 4,38 0.46 0.64
Ru,ZL 5.25 1.53 0.61 0.58 0.22 1.26
RugAL 9.77 1.84 1.26 23.24 0.67 0.55
RugMs 0.95 1.68 0.19 22.29 0.19 0.32

8Reaction with methane at 750C for 15 h.

Effect of reaction conditions

The effect of reaction temperature is similar for every catalyst.
Higher methane conversion and product yield are obtained at higher
temperature. These results are expected because polymerization of
methane is thermodynamically unfavored process.8 Increasing the
reaction pressure has a similar effect on the methane conversion.
However, the product selectivities for hydrogen and C2 hydrocarbons
decrease but increases for C6+ hydrocarbons (Table 3). Highest
selectivity is observed at 150 psig. As expected, increasing the space
velocity lowers the methane conversion but increase the selectivity of

hydrocarbon products.

Basic support and mixed metal cluster

Methane conversion on the magnesia supported ruthenium monomer and
the FeRuy cluster are much higher than the zeolite supported analogs
(Table 4). However, the product selectivities to hydrocarbons are

lower.
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Table 3

l EFFECT OF REACTION PRESURE AND SPACE VELOCITY TO
/ THE ACTIVITY OF Ru6ZLa AT 750°C

Pressure Flow rate $CH,, %Selectivityb of
‘ (psig) mL/min Conversion Hy Cy Ce+
50 50 3.18 164.16 6.04 6.6
150 50 5.19 91.33 4.48 10.70
250 50 8.64 82.41 2.46 7.38
250 100 2.62 177.10 9.24 20.64

;Ru ZL =~ zeolite supported Ru6 cluster, C,HcAlRu H(CO)
Selectivity was based on carbon number o% gydrocarbon and the
amount of methane reacted.

Table 4

CATALYTIC REACTIVITY OF ZEQOLITE AND MAGNESIA
SUPPORTED CATALYSTS FOR METHANE DEHYDROGENATION?

Methane Selectivitxb
Catalysts Temp(°C) Conversion(s) Cz(%) Ceu (%)
RuMgO 600 21.044 0.1 0.5
Ru,MgO 750 4.04 6.9 49.2
FeRuj3ZL 600 3.07 1.9 18.5
FeRuyMg0 600 8.87 0.1 --

9Reaction conditions: pressure=150psig, flow rate=20 mL/min,
weight of catalyst=2 g, reactor 0.D.=3/8in (5.S5.).
Selectivity to hydrocarbon is based on carbon number.

®Not detected.

For the mixed iron-ruthenium catalysts, magnesia support also
increased the methane conversion. At 600°C, the methane conversion was
8.87% for FeRu3MgO and was 3.07% for FeRu3ZL. At 750°C, methane
conversion increased to 41.5% and 23.05% for FeRuqMgO and FeRuqZL,
respectively. These catalysts behave similarly to the ruthenium
monomers in that the hydrocarbon yields were lower on the magnesia

supported catalyst.
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Increased temperature has a similar effect on the methane
conversion over FeRU3ZL, but the methane conversion was lower than the
MgO supported catalysts. At 750°C, the methane conversion was 23.05%.
Hydrocarbon yields increased as the reaction temperature increased from
500° to 600°C and then declined at higher temperature. The maximum
yield of C2 was 0.06% of the input methane and was 0.57% for C6+. Since
the Ru,ZL was essentially not active at 600°C, this low temperature
reactivity of FeRuqZL is obviously due to an effect of the mixed
metal. Introduction of the iron to the metal cluster is advantageous to
methane dehydrogenation activity. Figure 3 shows the effect of
increasing temperature on methane conversion and on hydrocarbon yield.
Highest hydrocarbon yield was obtained at 600°C. However, the hydrogen

selectivity was 170% at this temperature which suggests coke formation.

80

E Methane conversion
Hydrocarbon Yield (x100)

Temperature (C)

Figure 1. Activity of FeRu3ZL for methane reforming at
various temperatures.

CONCLUSION

Most of the reports on catalytic conversion of methane to higher
hydrocarbons are based on metal oxides by the oxidative coupling
pathway. Few examples have been reported of direct methane dehydro-
genation. Table 5 lists some of the literature results on both

oxidative coupling and dehydrogenation together with our results.
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It is difficult to truly compare the catalytic activities of the
catalysts because the experimental condition are so different. However,
based on the methane conversion and the selectivities of higher hydro-
carbons, our catalysts are comparable. Interestingly, we have not
detected any mid-ranged hydrocarbons (C3~Cs). Mitchell and Waghorne
reported the major product of alumina supported CaCrPt catalyst under
anaerobic condition was benzene.’ Jones et al. also observed small
amounts of Benzene produced from methane dehydrogenation over silica
support Ge02.10 We have not yet identified our Cgy4 Product, but it is

possible that it contains benzene.
Table 5

COMPARISON OF THE ACTIVITIES OF CATALYSTS FOR METHANE DEHYDROGENATION

Temp. Press GHSV CH,, Selectivity to
Catalyst CH, /0, (°¢)  (atm) (') conv(®) c, Cg
Li/Mg0? 2 720 1 2754 37.8 50.3 N.R.D
CaCrPt/ALP >2003 705 1 N.R. 27.641 31.4  68.3
Pbo/MgOC 6 750 1 8000 10.0 65.5
Sm,03d 6 750 1 3.8x107 6.5 60.0
Sb,04/510,e >200 800 1 600 0.251 82.9 R.
Ge0,/S10,f >200 700 1 860 0.22 57.1 3.3k
RugAL8 >200 750 4.5 16000 6.06 6.9 41.4
Ru, ZL8 >200 750 4.5 16000 1.74 6.9 28.9
Ru,Mg08 >200 750 4.5 6200 4.04 6.9 49.2
FeRu,ZL5 >200 600 4.5 6200 3.07 1.9 18.5

aT.Ito; J-X Wang; C-H, Lin; J.H. Lunsford, J. Am. Chem. Soc., 107
(1986).

H.L.Mitchell, III; R.H. Waghorne; U.S. Patent No. 4239658 (1980).
cK.Asami; S. Hashimoto; T. Shikada; Chem. Letter 1233 (1986).

K. Otsuka, T. Komatsu; Chem. Lett. 483 (1987).
€c.A. Jones, J.J. Leonard; J.A. Sofranko; U.S. Patent 4,443,644 (1984).
fC.A. Jones, J.J. Leonard; J.A. Sofranko; U.S. Patent 4,554,395 (1985).
8This work.

Not reported.

-Cumulative result.
JNo oxygen added.

benzene.

, 5062
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PARTIAL OXIDATION OF METHANE USING SUPPORTED PORPHYRIN
AND PHTHALOCYANINE COMPLEXES

Yee-Wai Chan and Robert B. Wilson, Jr.
Inorganic and Organometallic Program
SRI International
Menlo Park, California 94025

ABSTRACT

The catalytic oxidation of methane with molecular oxygen was
investigated in a fixed-bed flow reactor with various anchored metal
phthalocyanine (PC) and porphyrins (TPP) as the catalysts. These
support organometallic species were stable at temperatures as high as
400°C. Methanol was formed from zeolite encaged RuPC, CoTPP, and MnTPP
at 375°C. In contrast, a PdPC complex attached to magnesia produced
ethane rather than methanol. The other surface-supported catalysts gave
carbon dioxide and water as the sole observable products (by GC).

INTRODUCTION

Conversion of methane to useful chemicals by partial oxidation and
oxidative dehydrogenation has received the attention of many
researchers.l oOur first approach to the goal of selective partial
oxidation of methane was to synthesize zeolite encapsulated porphyrin
and phthalocyanine complexes that mimic the oxygenase enzyme: Cytochrome
P-450.2'5 Porphyrins and phthalocyanines are potent oxidants that also
allow control of the active form of oxygen, thereby leading to control
of activity and selectivity. The use of zeolitic supports will enhance
the stability and reactivity of the catalysts, and will discourage the
secondary reactions that always pose problems in the oxidation of
methane because the primary products are more easily oxidized than

methane.

Our second approach to stabilize the phthalocyanine complex is by

anchoring the complex on the surface of a support. Magnesium oxide is
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known to generate methyl radicals from methane,6 lithium promoted MgO
has shown high selectivity to C, hydrocarbons on methane oxidation.s’9
The metal oxo intermediate generated from the phthalocyanine and oxygen
should react with methyl radicals faster than with methane. We prepared
magnesium oxide supported catalysts by reacting the basic support with
the acid form of tetrasulfophtha-locyanine (TSPC) complexes. The TSPC
complexes were anchored to the MgO surface by ionic interaction between

the sulfonate groups of the metal complex and the basic sites of MgO.

EXPERIMENTAL DETAILS

Preparation of Metal lon Exchanged Zeolite

To a slurry of 500 g zeolite (LZ-Y52, Unioncarbide) and water (500
nL), a 1M aqueous solution of metal salt (500 mL, FeClz, CoClz, MnSOA,
or Ru(DMSO)2C12) was added dropwise. The zeolite slurry was stirred at
a constant speed. The total addition time was approximately 1 h. The
mixture was allowed to stir for 24 h. The exchanged powder was filtered,
washed with water until the washing were free of chloride or sulfate and
then dried at 150°C under vacuum for 48 h. Elemental analysis of Co-
zeolite: C, 0.27; H, 0.91; Co, 4.76; Fe-zeolite: C, 0.26; H, 1.20; Fe,
4.89; Ru-zeolite: C, 1.16; H, 1.08, Ru, 0.95.

Preparation of zeolite encapsulated metallophthalocyanine

Metal exchanged zeolite (100 g) and 8 equivalent of 1,2-dicyano-
benzene were added to 200 mL of nitrobenzene in a round bottom flask
fitted with a reflux condenser and a mechanical stirrer. The mixture
was heated to 180°C for 4 h under nitrogen until the solution changed
color (dark green for Fe, dark blue for Co, brown for Mn and Ru). The
zeolite was filtered, washed with methanol to remove nitrobenzene, and
Soxhlet extracted with pyridine until the solution was clear. Excess
pyridine was removed by Soxhlet extraction with methanol. The zeolite
powder was then boiled in a 1 M solution of NaCl (reverse metal
exchange) for 4 h, washed with water and acetone. The product was dried

at 150°C under vacuum for 24 h.
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Preparation of zeolite encapsulated tetraphenylporphyrin

Zeolite powder (200 g) was added to 1.8 L of acetic acid ina 2 L
round bottom flask equipped with mechanical stirrer and an addition
funnel which contained 46.5 mL pyrrol and 66.5 mL of benzaldehyde. The
acetic acid was heated to boil. The pyrrol and benzaldehyde were added
slowly. The reaction mixture was boiled for 0.5 h under air. The dark
purple solid was filtered while the solution was still warm. It was
then washed with large amount of acetone until the washing was

colorless. The product was dried at 150°C under vacuum for 24 h.

Metal insertion of tetraphenylporphyrin in zeolite

A mixture of TPP zeolite (50 g) and metal salt (0.12 mole of CoClz,
FeClz, MnSO,, or Ru3(CO)12) was added to 200 mL of dimethyl sulfoxide in
a three necked round bottom flask equipped with a mechanical stirrer, a
reflux condenser, and a gas inlet adaptor. The reaction mixture was
heated to reflux for 3 h. The product was washed with water and
methanol. Excess metal salt was removed by boiling in a 1 M aqueous
solution of NaCl for 2 h. The product was washed again with water and

methanol and then dried at 150°C for 24 h.

Preparation of magnesia supported tetrasulfothalocyanines

The tetrasulophthalocyanine complexes were prepared via the
reaction of monosodium salt of 4-sulfophthalic acid, urea, and metal
salt in the presence of catalytic amounts of ammonium molybdate, and
ammonium chloride at 180°C. The acid form of the complexes were
obtained by acidification of the aqueous solutions with 2 N HCl. The
resulting metal complex (0.5 g) was theh dissolved in DMF (500 mlL) ,
added to MgO powder (10 g), and stirred for 2 h. After washing with DMF
and acetone, the catalysts were dried at 60° under vacuum overnight.
Five catalysts: PdTSPCMgO, FeTSPCMgO, CuTSPCMgO, RuTSPCMgO, CoTSPCMgO,

were prepared by this method.
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General procedure for testing methane oxidation catalysts

The catalyst (3 g) was loaded into a stainless steel reactor
(3/8" OD). The reactor was connected to the reactor system and purged
with helium for 15 min. It was heated to 200°C under a slow flow of
hydrogen for 2 h. Methane (10.3% in helium) and oxygen (5.2% in helium)
were introduced to the reactor and the temperature was increased to
300°C or higher. Methane and oxygen were individually controlled by
mass flow controllers. The reactor pressure was set at 50 psig via a
back pressure regulator. A thermocouple was immersed in the catalyst
bed and connected to a temperature controller that controls the
furnace. The outlet gases were fed to a GC sampling value through

heated stainless steel tubing (110°C).

RESULTS AND DISCUSSION

Phthalocyanine complexes are synthesized within the zeolite pore by
first exchanging the metal ion into the pore, followed by template
condensation.l® We used Na-Y zeolite because it has large pores that
allows the phthalocyanine complexes to fit in and contains exchangeable
ions. Some of the phthalocyanines that absorbed on the zeolite surface
were removed by extraction with pyridine and acetone. Excess metal ions
were then back exchanged with sodium ions. Surface reflectance UV-Vis
and FT-IR of the non-extracted catalysts evidenced the presence of

phthalocyanine.

The zeolite encapsulated metalloporphyrins was synthesized by a
modified method. The metal free ligand was first synthesized inside the
zeolite cage by refluxing benzaldehyde, pyrrol, and the Na-Y zeolite
(without metal exchange) in acetic acid. The surface attached porphyrin
was extracted with methanol. The washings contain tetraphenylporphyrin

as indicated by its UV-Vis spectrum.

The desired metal ion was inserted into the porphyrin by boiling
the metal salt and the zeolite containing the porphyrin in dimethyl-
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sulfoxide solution. The product was washed with water and then Soxhlet

extracted with methanol to remove surface-bound TPP complex.

Uncomplexed metal ions are removed by reverse ion-exchange with sodium
chloride. However, the excess iron ions were not exchangeable by sodium
ions and we have not attempted to remove the excess iron by another
method. The FePCZL and the ReTPPZL thus contained excess iron ions.

The metal loading (by weight) and the percent of super cages occupied by
the metal complexes (calculated based on the results from elemental

analyses) are listed in Table 1.

Table 1

METAL AND COMPLEX LOADING OF ZEOLITE ENCAPSULATED COMPLEXES

Wt.% metal % Supercages
Catalyst a Loading Occupied
CoPCZL 1.53 60
FePGZL 4.15° 50
RuPCZL 0.97 20
MnPCZL 1.62 68
CoTPPZL 0.15 5
FeTPPZL 4.04P 8
RuTPPZL 0.13 2.5
MnTPPZL 0.12 4.3

a

ch = phthalocyanine, TPP = Tetraphenylporphyrin, ZL = zeolite.

The iron complexes contained excess iron ions which can
not be exchanged by sodium ions.

These zeolite catalysts were tested for methane oxidation_,at 375°C
under 50 psig pressure. The results are averaged from data taken during
the 15 to 20 h of the runs and are summarized in table 2. Three
catalysts including RuPcZL, CoTPPZL, and MnTPPZL showed some reactivity
toward the formation of methanol. As shown in table 5, the RuPcZL gave
the highest selectivity of methanol. The methane conversions were
generally below 10%. Carbon dioxide and water were always the major

products.
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Three control experiments were run using the blank zeolite,
ruthenium exchanged zeolite (with triruthenium dodecacarbonyl), and
ruthenium tetracarboxyphthalocyanine. The blank zeolite gave essen-
tially no reactivity toward methane oxidation. Less than 0.5% of
methane was oxidized to carbon dioxide. The ruthenium zeolite produced
hydrogen, carbon dioxide and water with approximate 16% methane
conversion. The RuTPPZL and FePcZL also gave hydrogen which suggest
that these two catalysts behaved like the simple metal exchanged
zeolite, because the excess metal ion in these two catalysts was not
removed by the reverse ion exchange process. The productions of

hydrogen were due to the catalytic ability of the zeolite adsorbed metal

particles.
Table 2
ACTIVITY OF METHANE OXIDATION CATALYSTS
% Conv.of % Selectivity of
Catalyst CH,, Hy co, H,0 CH50H

Zeolite 0.5 --- 100 --- ---
RuZL 15.9 45 100 100 ---
CoPcZL 6.3 --- 100 100 ---
FePcZL 18.2 1.2 100 42 ---
RuPcZl 4.8 --- 87 1 11.3
MnPcZL 9.6 --- 80 65 ---
CoTPPZL 1.9 --- 94 120 5.8
FeTPPZL 1.9 --- 100 73 ---
RuTPPZL 8.4 50 99 146 ---
MnTPPZL 1.8 --- 95 126 3.5

Reaction conditions: Temperature=375C, Pressure=5Opsig, CH, /0y=4,
GHSV=2600 h™".

Some of the catalysts were also tested at higher temperature under
the same condition. The results were summarized in Table 3. Methane

conversions were generally increased at higher temperature. Again, only
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RuPcZL and CoTPPZL showed some activity toward methanol formation, but

the yields were significantly decreased. These results indicated that
the metal complexes decomposed at high temperature and therefore lost
their activity. The characteristic blue green color of the phthalo-
cyanines and the purple color of the porphyrins disappeared after the
high temperature reactions. The decomposition of catalysts were

confirmed by elemental analyses.

Table 3

ACTIVITY OF METHANE OXIDATION CATALYST AT HIGH TEMPERATURE

Temp. % Conversion % Selectivity
Catalyst (°c) CH,, 0, H, G0,  Hy0 CH4OH
RuzZL 500 20.8 99.0 110.0 89.3 --- ---
FePcZL 500 22.7 87.2 15.9 100.0 45.0 ---
RuPcZl 450 9.0 99.6  --- 96.7 0.5 3.3
CoTPPZL 450 3.3 56.1  --- 98.0 126.2 2.0
FeTPPZL 450 6.1 32.8  --- 100.0 65.1 ---

Reaction conditions: Pressure=30 psig, CH,/0, = 4, GHSV = 2600 h'l'

It has been noted that high levels of complex loading results in
blocking the access of substrate to the metal center.1l The zeolite
encapsulated phthalocyanines prepared in this work contained relatively
high complex loading. About half of the supper cages in the zeolite
were filled with metal complex in the CoPCZL, FePCZL, and MnPCZL. The
RuPCZL was the only catalyst that showed activity and it contained less
metal complex than the others. We are not certain whether the lack of
catalytic activity was due to the accessibility of methane to the active
site of the catalyst or was truly an inactive metal complex since
methane is a rather small molecule. 1In contrast, the TPP analog of

RuPCZL was not active in converting methane to methanol but the CoTPPZL
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and the MnTPPZL were active. Since all the zeolite encapsulated TPP
complexes contained low complex loading, the nature of the metal complex

should be responsible for the catalytic activity.

We tested four metal complexes of tetrasulfophthalocyanine
supported on magnesium oxide (Pd, Fe, Ru, Cu). The metal loading and
complex loading are listed in Table 4. Interestingly, the palladium
catalyst (PdTSPCMgO) produced ethane from the oxidation of methane at
375°C instead of methanol (Table 5). Although the selectivity was low
(2.8%), oxidative coupling of methane to ethane at such low temperature
is unusual. Increasing the reaction temperature to 400°C, increased
methane conversion and decreased ethane selectivity. Further increases
of the temperature to 450°C decomposed the complex. All other catalysts

tested gave only products of complete oxidation, ie. CO, and HZO.‘
Table 4

METAL LOADING AND COMPLEX LOADING OF THE MAGNESIUM
OXIDE SUPPORTED CATALYSTS

Catalyst Metal loading (Wt%)a Complex loading (mol/lOOg)b
FeTSPCMgO 0.24 0.052
RuTSPCMgO 0.45 0.047
PATSPCMgO 0.18 0.026
CuTSPCMg0 0.37 0.054

%Based on elemental analysis.
Mole of complex were calculated based on the carbon weight from the
elemental analyses.

Table 5

ACTIVITY OF MgO SUPPORTED METHANE OXIDATION CATALYSTS®

%Conversion of %Selectivitxb

Catalysts Temp. (°C) Methane €0y CoHg

PATSPCMgO 375 1.4 97.2 2.8
400 2.6 97.8 2.2
450 5.7 99.7 0.3

3Condition: Pressure = 1 atm, CH,/05 = 10, GHSV = 5000 nl.
Selectivity was calculated based on carbon number.
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CONCLUSION

To the best of our knowledge, this is the first observation of
methanol production from partial oxidation of methane using cytochrome-
P450 mimic. Encapsulating the porphyrin and phthalocyanine complexes
inside the zeolite cages precludes the intermolecular reactions which
leads to the problem of catalyst deactivation. Anchoring the metal
complexes on the support surface also prevents such bimolecular self
destruction. Oxidative coupling of methane is usually observed at
temperature much higher (>700°C) than what we observed for PATSPCMgO
(375°C). Many questions remained to be answered including improving

product selectivity.
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BIOCONVERSION OF METHANE TO METHANOL BY METHYLOBACTERIUM
ORGANOPHILUM.

LORI E. PATRAS AND ALICE TANG

UNOCAL
SCIENCE AND TECHNOLOGY DIVISION
BREA, CALIFORNIA

INTRODUCTION

Large reserves of natural gas have stimulated the development of
processes that can convert methane to more valuable chemicals such
as methanol. Commercial routes to methanol involve three steps.
First synthesis gas is generated from natural gas or naphtha at 15-
30 atmospheres and 840-900 °C. The synthesis gas is converted to
methanol using a copper catalyst which requires the process
"condition of 300-350 psig and 250-270 °C. The methanol is then
distilled to desired purity. Many bacteria and fungi grow on
methane at ambient temperature and pressure. In this study we
attempt to develop a low severity route from methane to methanol,
involving a biochemical catalyst.

Methylobacterium__organophilum was grown in a methane-oxygen
controlled atmosphere water bath shaker apparatus to study the
bioconversion of methane to more valuable chemicals such as
methanol. To optimize production of methanol from the metabolism
of methane by Methylobacterium organophilum, we tested the effects
of culture enrichment .and inhibitors.

EXPERIMENTAL

Methylobacterium organophilum was purchased from the American Type
Culture Collection (ATCC #27886). For all studies, excepted when
noted, ammonium mineral salts (AMS) medium was used.

All growth experiments were conducted under a methane atmosphere,
in a controlled atmosphere water bath shaker apparatus. Liquid
cultures were grown in 250 ml Erlenmeyer flasks at 30 °C on the
rotary shaker (150-200 rpm) at pH 6.8 with methane as the only
carbon source for growth (unless otherwise stated). The atmosphere
of the incubator shaker was normally continuously gassed with 65%
methane, 20% oxygen, and 15% nitrogen.

Cell densities were measured by monitoring the absorbance at 660nm
by Sargent-Welch model SM spectrophotometer. The cells were
harvested by centrifugation and dry cell weights were determined
after drying the cell paste in a vacuum oven.
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Cell free culture broth was analyzed for. methanol by gas
chromatography. The cells were removed by centrifugation followed
by filtration.

RESULTS AND DISCUSSION

Methylobacterium organophilum is a facultative methylotroph; it can
grow not only on C-1 compounds but also on multicarbon compounds
as the sole sources of carbon and energy. Figure 1 shows the
growth of M. organophilum on one-carbon and multicarbon substrates.

GROWTH OF M. organophilum ON ONE-CARBON
AND MULTICARBON SUBSTRATES

Serine (200mM)
Methanol (0.5%)
Yeast Extract (1X)

Methane

R X RN

Porrasldehyde (0.1X)

Boocoe mOoZ»mwouwms» Zr
-
- o
T ———
—

50 100 150 200
TIME (hours)

The specific growth rate on methane is lower than the other
substrates. This is expected since the solubilities in water of
the other substrates are higher than the solubility of methane in
water. .

Another important characteristic of M. organophilum is the type II
intracytoplasmic membrane. Cultures previously grown on a
multicarbon substrate for growth and energy required several
transfers grown on methane before accumulating methanol. This
"inactive" state of the microbe may be explained by the fact that
it is necessary for the bacterium to possess an intracytoplasmic
membrane for methane metabolism to occur. The literature reports
that M. organophilum contains an intracytoplasmic membrane when
grown on methane but this membrane is not present during growth on
higher substrates such as methanol and glucose (1).
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Methylobacterium organophilum oxidizes methane by a special C-1
oxidation pathway (see below).

C1 METABOLISM

02 Hg0 2 cytCox 1/203 2cytCox
CH, —-——(1)——> CH; OH -—(2)-~-> HCHO -(3)-~> HCOOH —(4)——>C02
+ + + ¥
NADH+H NAD 2 cytCred 2 cytCred NAD NADH+H
TO CELLULAR
MATERIAL

1) METHANE MONOXYGENASE

2) METHANOL DEHYDROGENASE

3) FORMALDEHYDE DEHYDROGENASE
4) FORMATE DEHYDROGENASE

Figure 2
Biomass 1is produced through formaldehyde assimilation. The
mechanism of the reaction CH, ----- > CHOH involves atmospheric

oxygen incorporated directly into the methane molecule with the aid
the enzyme, monooxygenase. The hydrogen requirement is supplied by
the conversion of formic acid to carbon dioxide implying that
methane oxidation is a function of successive oxidations. This
presents a problem if methane oxidation is stopped at methanol
because the regeneration of NAD+ would be lost.
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High biomass cultures of M. organophilum were tested for methanol
accumulation while growth was monitored (see below).

RELATIONSHIP BETWEEN GROWTH ON METHANE &
METHANOL PRODUCTION BY

P
f
o) R
ol o

TIME ('P:I-OUHS)

~-4sewin om usThaNd  —+uSTHANGL FROSNCtion F-uztaarorahom.

*Msthenol peak observed bui below
GG detsclion limits

Figure 3

It appears that methanol accumulates during non-growth periods from
methane oxidation. This is expected since during growth, the
methanol is further metabolized for cell growth and energy. During
initial incubation, methanol production was low (1.1
mmoles/gDCW.Hr) .

The effect of iodoacetic acid on methanol production was studied.
Cultures of M. organophilum were tested for methanol accumulation
during growth on methane in the presence of iodoacetic acid (see

below) .

GROWTH OF M. organophilum ON METHANE
IN THE PRESENCE OF IODOACETATE (0.003M)
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Figure 4
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Iodoacetic acid inhibited growth but did not inhibit further
oxidation of methanol. Iodoacetic acid had no effect on methanol
accumulation at the described conditions.

Culture enrichment was also studied to increase the methanol
production rate. M. organophilum was grown on serine in the
presence of methane. Serine is an intermediate metabolite in the
pathway of methane oxidation to cellular material. By adding high
concentrations of serine (200mM) in a culture of M. organophilum
growing on methane, the equilibrium of the organism may shift.
Creation of a metabolic block through manipulation of the
environment (the addition of serine) may bring accumulation of
metabolites preceeding the block. Methane (the original carbon
source) is the starting material for bioconversion (Figure 5).

METABOLIC BLOCK

METHANE - ->METHANOL - ->FORMALDEHYDE- ->- - ->SERINE - ->~->- -

BIOCONVERSION TO CELL MATERIAL

Methane, the original carbon source, in the presence of
|serine, becomes the starting material for bioconversion.
[Serine is utilized for biomass production.

Figure 5

During growth on methane and serine, accumulation of formic acid
and acetic acid were seen during growth. Volumetric rates were
0.1g/l.hr and 0.3g/1l.hr for formic acid and acetic acid,
respectively.
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Figure 6 shows that regulation in M. organophilum is obvious during
growth on more than one carbon substrate in the medium.

QROWTH OF M. ORGANQPHILUM ON MULTIPLE
SUBSTRATES-METHANE AND SERINE(200mM)
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FPigure 6

Growth of M. organophilum on methane and serine shows the diauxie
phenomenon discovered by Monad(2). The substrates are utilized in
two exponential growth cycles. The growth cycles are separated by
an intermediate lag phase.

Formic acid could be a product produced by a metabolic block
created by the addition of serine since the following part of the
pathway precedes serine.

Methane~---> Methanol---> Formaldehyde---> Formic Acid
However, formic and acetic acid are also produced by M.

organophilum during serine fermentation void of methane (see
below).

GROWTH OF M. organophilum ON SERINE
(in the absence of methane)
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Figure 7
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Waber et al (3) have shown the conversion of serine to pyruvate,
which is decarboxylated to form acetate by Clostridium acidiurici.
Kobota (4) found that serine generated formic acid form a cell-free
preparation form Bacillus brevis in the presence of a cofactor,
tetrahydrofolic acid. Tetrahydrofolate 1is present in M.
organophilum and is used for 1-carbon group transfer and reduction.

CONCILUSIONS
Methanol accumulated during non-growth periods of methane

metabolism by M. organophilum in the presences and absence of
inhibitors under the conditions described. The production rate was

increased by varying experimental conditions. For example,
methanol accumulation increased by a factor of ca. 4 by pregrowing
the culture in the presence of an inhibitor. When compared to

commercial processes of methanol production, the bioconversion of
methanol is ca. 90 times less active. Increasing methanol yields
by optimizing culture medium and growth condition is limited by the
natural isolate of Methylobacterium organophilum ability to
synthesize methanol. Successful exploitation of Methylobacterium
organophilum requires the application of genetic techniques for the
optimization of methanol production.

Formic acid and acetic acid were growth associated
products of serine fermentation by
Methylobacterium organophilum.
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Biological Production of Methanol from Methane

R. E. Corder, E. R. Johnson, J. L. Vega, E. C. Clausen, and J. L. Gaddy
Department of Chemical Engineering, University of Arkansas
Fayetteville, Arkansas 72701

Cultures of methanotrophs have been isolated that convert methane into
methanol. Biocatalytic conversion offers the advantages of good thermal
efficiency and low capital cost, since ordinary temperatures and pressures are
employed. High product yield in a single-step reaction and simplified
purification technology are possible, since methanol is the only product.

These unusual bacteria usually metabolize methane completely to CO2, with
methanol as an intracellular intermediate. Therefore, methanol production
requires manipulation of the ordinary enzymatic reactions by regulation of the
electron transport and environmental conditions to favor the methane mono-
oxygenase pathway. This paper presents preliminary results of the culture
isolation techniques and procedures to manipulate the cultures to produce
methanol. These procedures have been successfully demonstrated with two
isolates producing up to 1 g/L methanol extracellularly.

INTRODUCTION

Methanol is a major raw material for petrochemical production and is
currently under consideration as a liquid fuel. Methanol is produced
catalytically by the reaction of hydrogen and carbon monoxide at high pressure
(300 psia) and moderate temperature (Strelzoff, 1970). H2 and CO are obtained
from methane by reforming with steam to yield synthesis gas. A second step,
involving a water-gas shift reaction, is used to increase the H/CO ratio.

The reforming step is generally carried out at 800-1000°C and 300 psig,
whereas the water gas shift reaction utilizes metal oxide catalysts at 400-
500°C and 300 psig (Shah and Stillman, 1970; and Shreve, 1967). These severe
conditions result in high capital and operating costs and poor thermal
efficiencies. Simpler, more efficient processes are necessary.

Natural gas demand and production declined to less than 17 trillion cu.
ft. last year, with reserves dropping below eight years (0il Gas J., 1986a;
Beck, 1987). By 1990, gas imports are expected to be up 300 percent over
present levels, despite a continuing decline in demand (0il Gas J., 1986b).
While flaring of natural gas has been substantially reduced in recent years,
the U.S. presently wastes about 10 x 1010 cu. ft. annually (Hillard, 1980), or
the equivalent of 1.4 billion gallons of methanol (40 percent of our liquid
fuel requirement). Also, in many areas, gas wells remain shut-in because
potential gas production is too remote or two dilute to justify pipelines and
transportation. If simple conversion technology were available to produce
liquid fuels on-site, flared and remote gas could be utilized.

Catalytic conversion of coal synthesis gas, using Fischer-Tropsch
reactions, has been found to produce methanol and higher alcohols with
sustained catalyst activity (Klier et al., 1986; Dombek, 1986). By-products
of the Fischer-Tropsch reactions include light hydrocarbon gases,
predominantly methane. Methane is also a by-product from some gasification
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processes (Mills, 1982). Methane is very stable in the subsequent processing
steps to produce liquid fuels. Therefore, a technology or catalyst for
converting methane directly into liquid fuels would substantially enhance the
efficiency and yields of these processes.

A simple and efficient process for producing methanol from methane would
save significant quantities of energy in industrial processes. Also,
technology for conversion of small volumes or dilute mixtures of methane would
enable production from remote gas and oil wells, saving wasted energy and
reducing imports of crude oil. Furthermore, this technology would enhance the
application of coal conversion technologies. Methanol production from methane
is a mature technology and substantial advances or breakthroughs in catalytic
processes are not likely. Therefore, innovative approaches to this problem
are necessary.

Biological Conversion of Methane

Of the many biological species and microbiological reactions possible,
only the methanotrophs are capable of converting methane. The usual sequence
of methane metabolism proceeds to cell biomass and CO2 with methanol as an
intracellular intermediate. The interruption of the enzymatic reactions, by
manipulation of the environmental conditions or mutation, could result in a
culture that produces an excess of methanol that accumulates extracellularly.

Such a biocatalytic process has substantial economic potential for
application to Fischer-Tropsch products, coal synthesis gas and natural gas
conversion. Methane, in the gas stream following the Fischer-Tropsch
synthesis, would be passed through the biological reactor for conversion to
methanol. Similarly, methane in synthesis gas could be converted to methanol
prior to or following Fischer-Tropsch synthesis. The conversion would take
place in a single step at ordinary temperatures and at atmospheric or elevated
pressures, if desirable. No products, other than methanol, are produced by
these cultures. Complete methane conversion, with near stoichiometric yields,
should be possible. Methanol recovery from the fermentation media could be
accomplished by stripping or liquid extraction (extractive fermentation).

Purpose

The purpose of this paper is to present the results from preliminary
laboratory experiments aimed at isolating a methanotroph culture that is
capable of accumulating methanol as a product. Two isolates have been
obtained that are capable of producing up to 1 g/L extracellularly.

MICROBIOLOGY OF METHYLOTROPHS
The biological conversion of methane to methanol by the reaction:
CH4 + 1/2 09 » CH30H (@H)

is carried out by a very specialized group of organisms that are also able to
utilize methanol, methylamine or formate (in addition to methane) as sole

carbon and energy sources. This class of organisms is called methylotrophs.
Organisms that utilize primarily methane are called methanotrophs.

470



Organisms such as Methylococcus capsulatus and Methylomonas sp. are
considered obligate methylotrophs and cannot grow on carbon sources other than
methane, methanol, or formate. Energy is derived from the oxidation of these
compounds to carbon dioxide, and most of the carbon is obtained from the
fixation of formaldehyde by condensation with a pentose phosphate.
Microorganisms that cannot utilize methane but can utilize methanol,
methylamine and formate (e.g. Hyphomicrobjum and a few Pseudomonas species)
are generally also considered to be methylotrophs. Two types of methylotrophs
have been established on the basis of the type of complex membranous
organelles. Type I exhibits a system of paired membranes running throughout
the cell or aggregated at its periphery. Type II exhibits a series of bundles
composed of disc-shaped membrane vesicles distributed throughout the cell.

Type I methylotrophs utilize the ribulose monophosphate pathway for the
assimilation of: formaldehyde and have an incomplete tricarboxylic acid cycle.
These organisms lack alpha-ketoglutarate dehydrogenase (Patel, 1984). Type II
methylotrophs utilize the serine pathway for the assimilation of formaldehyde
and have a complete tricarboxylic acid cycle (Large, 1983).

The methane molecule can only be attacked by a substitution mechanism. It
was shown in 1970 that growth on methane is accompanied by the incorporation
of an oxygen atom from gaseous oxygen into the molecule to give methanol, as
was shown in Equation (1). Methane is actually oxidized finally to COj, with
methanol, formaldehyde, and formate formed as intermediates (Anthony, 1982;
and Higgins et al., 198la):

1/209
CHy + 0 + 2H* > Hy0 + CH30H - 2H* + HCHO -  2H* + HCOO H* - GOy + 2H* (2)

This series of reactions occurs intracellularly and no methanol is produced
extracellularly. In order for the methanotroph to produce methanol,
conditions for the subsequent enzymatic reactions must be made unfavorable.
The enzyme, methane monooxygenase, catalyzes the reaction:

CH; +°0p + H* + NADH - NAD* + CH30H + H0 (3)

The enzyme occurs in both soluble and particulate form. The physical location
of the enzyme as a cytoplasmic or extracytoplasmic enzyme has not been
determined. Noting that NADH is a substrate, it is generally assumed that the
reactions are cytoplasmic. This assumption is also consistent with the fact
that they are proton utilizing (Hooper and DiSpirito, 1985). Reducing
equivalents from the formaldehyde, formate, and perhaps methanol dehydrogenase
reactions are utilized in methane monooxygenase, in the reduction of NAD* for
biosynthetic reactions, or in electron transport leading to ATP synthesis.

Although the prosthetic group of methanol dehydrogenase is a novel quinone
coenzyme (pyrroloquinoline quinone) the enzyme utilizes a soluble cytochrome c
as an electron acceptor and is therefore a proton-yielding dehydrogenase
(Beardmore-Gray et al., 1983). Localization studies have shown that methanol
dehydrogenase (Alefounder and Ferguson, 1981; Burton et al., 1983; and
Kasprzak and Steenkamp, 1983; 1984) and the electron acceptors cytochromes Ci,,
and possibly cytochrome Cy (Beardmore-Gray et al., 1983; Burton et al., 1983;
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Jones et al., 1982; and Quilter and Jones, 1984), are in the periplasm
(Alefounder and Ferguson, 1981; and Kasprzak and Steenkamp, 1983). Thus,
methanol oxidation clearly fits the generalization described in Equation (3)
by Hooper and DiSpirito (1985).

Formaldehyde and formate dehydrogenase occur in forms which use either
NAD* or dyes as electron acceptors (Johnson and Quayle, 1964; and Marison and
Wood, 1980). Substrate oxidation is proton yielding and could logically be
periplasmic:

HpO + HCHO -+ 2H* + 2e- + HCOOH “)
and
HCOOH ~+ 2H* + 2e- GO (5)

Depositing cross-membrane translocation of electrons to the proton-utilizing
reduction of NAD*:

H* + 2e- + NAD* -+ NADH, (6)

the action of a dehydrogenase located in the periplasm would generate a proton
gradient in both reactions. This seems not to be the case with the NAD-linked
formaldehyde (Kasprzak and Steenkamp, 1983) and formate (Jones et al., 1982)
dehydrogenases; since they are soluble and use NAD, they are probably
cytoplasmic. The topological location of the dye-linked enzymes is unknown.

In summary, in the methylotrophs, the proton-utilizing methane
monooxygenase may be cytoplasmic and the energy-linked proton-yielding
oxidation of methanol is periplasmic. Thus, CH30H functions as a
transmembrane hydrogen transporter. In contrast, NAD-linked oxidations of
formaldehyde and formate, which produce reductant for methane monooxygenase,
biosynthesis, or electron transport, leading to ATP synthesis and COy for
carbon assimilation, are apparently cytoplasmic. Therefore, mechanisms for
control of these separate enzyme systems to allow methanol production is
feasible and likely. Furthermore, the potential to control electron flow and
block specific enzyme sites with inhibitors to increase methanol yields is
substantial.

THE PRODUCTION OF CHEMICALS USING METHYIL.OTROPHS
It is possible to biologically convert methane to methanol using whole
cell systems or cell-free enzyme systems. Cell-free systems require an
external source of reducing energy supplied by NADH for substrate oxidation.
The methylotrophic enzyme which is of greatest interest is methane-

monooxygenase which catalyzes the reaction:

CH4 + Op + H* + NADH -~ NAD* + GH30H + Hy0 3)
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This enzyme, although of fundamental importance for bacterial growth on
methane, may become industrially important for quite a different reason. Since
it is such a non-specific enzyme, it will oxidize a wide number of compounds
in addition to methane (Large, 1983), some of which cannot be transformed by
traditional industrial chemical methods.

Methane monooxygenase enzyme involved in catalyzing the hydroxylation of
methane also catalyzes the oxygenation of various hydrocarbons and cyclic,
alicyclic and aromatic compounds (Colby and Dalton, 1976; Colby et al., 1977;
Dalton, 1980; Dalton and Colby, 1982; Higgins et al., 198lb; and Patel et al.,
1979). Thus, it 1is possible to convert methane to methanol or other short-
chain hydrocarbons to their alcohols using whole cell systems. Patel (1984)
reported that in using the soluble enzyme, methane monooxygenase, extracted
from Methylobacterium sp. strain CRL-26, he was able to oxidize methane to
methanol, ethane to ethanol, propane to l-propanol and 2-propanol, butane to
1-butanol and 2-butanol and pentane to l-pentanol and 2-pentanol, etc.

However, unlike simple hydrolases or oxidases, mixed-function oxidases,
such as methane monooxygenase, need reduced nicontinamide nucleotides in
addition to oxygen in order to function. Cell free systems, such as an
immobilized enzyme system, are thus considered costly and impractical to use
for the conversion of methane to methanol.

As an alternative to cell free systems, it is also possible to convert
methane to methanol using whole cell systems, which supply their own reducing
equivalents by substrate oxidation. Methane-utilizing organisms, grown on
methane or methanol, have the ability to oxidize and transform a variety of
non-growth substrates to commercially useful chemicals. This is due to the
broad specificity of enzymes involved in the oxidation of methane to carbon
dioxide. The isolation of such organisms, particularly those that might
produce methanol from methane, would have broad application.

RESULTS AND DISCUSSION
CULTURE ISOLATIO!

Experimental studies were carried out in an effort to isolate
methanotrophs from anaerobic digester sludge. This source of inoculum was
chosen since the sludge contains significant quantities of methane in the
liquid phase, and should, therefore, contain methanotrophs capable of using
the methane.

Digester sludge was Iinoculated into a mineral salts medium, shown in Table
1, using a 10 percent by volume inoculum. As noted, the medium was
essentially a salts medium, but also contained vitamins found essential for
methanogen growth. The gas phase above the liquid media was maintained at 1
atm, and contained 20 volume percent methane and 80 percent air.

A mixed culture developed from this initial seeding was enriched by

successive transfer to new media and gas every 72 hours. The enrichment
procedure lasted a total of approximately 8 weeks. The enrichment was then
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a

b

The trace elements stock solution, shown below, were diluted 1000 times

prior to use.

A methanogen minimal medium, shown below, was diluted 100 times prior to

use.

Table 1

Medium for Methylotroph Isolation

KNO3
NaoHPOy4
KHo POy
MgS04« 7H20
FeS0¢4+7H20

Trace elements@

Vitaminsb

Cusoy
H3BOj3
MnSO04+4H20
ZnS0¢* 7H20
MoO3

Biotin

Folic acid
Pyridoxine HCl
Thiamine HC1
Riboflavin
Nicotinic Acid
Ca-pantothenate
Vitamin Bjp

p-amino benzoic acid
Thioctic acid
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streaked onto agar plates utilizing the same media as in Table 1, and
incubated under an atmosphere of 20 percent methane, 80 percent air until
colonies appeared.

Individual colonies were picked, inoculated into fresh liquid media, and
examined for purity. Two of the isolates that were obtained were obligate
methanotrophs, and thus were selected for further testing.

CONVERSION OF METHANE TQ METHANOL

Utilizing the obligate methanotrophs isolated from digester sludge,
experiments were initiated to determine the feasibility of producing methanol
from methane. Stoppered 250-ml Erlenmmeyer flasks were used as batch
reactors. The liquid media utilized in the experiments was identical to the
media of Table 1.

To facilitate mass transfer of methane from the gas phase to the liquid
phase for reaction, gentle agitation (approximately 150 rpm) was employed,
using a shaker incubator. The organisms were again grown under an atmosphere
of 20 percent methane and 80 percent air at one atmosphere total pressure. Two
obligate methanotroph isolates were compared in the study, along with the
enrichment culture obtained after successive transfer from the digester
sludge.

After obtaining growth in the reactors, the gas phase was switched to 100
percent methane in place of the 20:80 methane/air mixture. This substitution
was made in order to prevent complete oxidation of methane to COp as was shown
in Equation (2). Incubation with gentle agitation occurred for 24 hours.

The results of these preliminary studies is shown in Table 2. Liquid
phase analysis for methanol was performed using gas-solid chromatography. As
noted, the two pure culture methanotrophs showed an accumulation of methanol,
producing 0.5 and 1.0 g/L methanol in 24 hours. These levels of methanol
production in 24 hours indicate the potential for good reaction rates in
continuous culture. The enrichment, which contained methanotrophs and

Table 2
Biological Conversion of Methane to Methanol
(Preliminary Studies)

Methanol Produced
After 24 hours

(g/L)
Isolate 1 0.5
Isolate #2 1.0
Enrichment 0




methanol-utilizing methylotrophs, showed no accumulation of methanol. The
differences in the methanol production by the methanotrophs can be contributed
to sensitivity to the presence of methanol, activity of the culture, and the
ability of the cultures to utilize methanol as a substrate.

The results of these preliminary experiments are quite encouraging and
demonstrate that the organisms are capable of producing methanol
extracellularly at fast rates. Low cell densities and gentle agitation were
used and, consequently, low methanol concentrations were obtained in the short
reaction time. A measurement of the cell density in the flask showed a very
low cell concentration of 0.3 g/L on a dry weight basis. A higher cell mass
concentration (analogous to a higher catalyst concentration) would increase
reaction rate to yleld more product in the 24 hour period.

The experimental conditions can undoubtedly be improved to maximize
methanol yields. Also reaction rates would be increased by providing better
mass transfer of methane and oxygen from the bulk gas phase to the organisms
in the liquid phase. The total pressure in the experiments was only 1
atmosphere. Higher pressures would be expected to significantly enhance
reaction rate. Significantly higher methanol concentrations should be possible
under improved conditions of cell density, reaction conditions and system
design.
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COMPUTER-AIDED MOLECULAR DESIGN OF ALKANE-ACTIVATION CATALYSTS
John A. Shelnutt, Frances V. Stohl, Barry Granoff
Sandia National Laboratories, Albuquerque, NM 87185
Introduction

Methane can provide an abundant source of liquid fuels if an efficient
method of conversion can be found. Direct conversion, without an initial steam
reforming step to carbon monoxide and hydrogen, offers several significant
advantages. These include improved efficiency, reduced capital costs, and more
effective resource utilization. The key to success lies in the development of a
catalyst that will activate the relatively inert carbon-hydrogen bond in methane.
Several approaches are under active investigation, including oxidative coupling,
partial oxidation by molecular oxygen at high temperature, photochemical
conversion, and biomimetic processes.!™ OQur work focuses on a novel biomimetic
approach to the development of catalysts for activation of methane, using
computer-aided molecular design (CAMD) techniques.

The biomimetic CAMD methodology consists of several elements: (1) Design
activities are guided by the structural and chemical information about naturally
occurring biological catalysts that carry out alkane oxidation to alcohols. The
macromolecular biological catalysts are investigated to determine the features
that need to be designed into a synthetic catalyst in order to mimic the alkane-
oxidation function. (2) Molecular mechanics calculations are used to evaluate
possible designs for catalysts based on synthetic metalloporphyrins. The
metalloporphyrins have been chosen because they occur at the active site of many
monooxygenases and other enzymes that catalyze C; chemistry. Also, the porphyrin
macrocycle provides a platform upon which additional molecular architecture is
erected to provide the structural features required to mimic the enzymes. Recent
Russian work* has demonstrated methane-to-methanol conversion using an iron-
porphyrin catalyst; thus, methane-activation catalysts based on the
metalloporphyrins are feasible. (3) The computer designed catalysts are then
synthesized. (4) The synthetic catalysts are characterized by wvarious
spectroscopic techniques including Raman-difference, transient Raman, FTIR, NMR,
and UV-visible absorption spectroscopies. We are also using these spectroscopic
probes to further structurally characterize some of the enzymes of interest
(methylreductase®’ and heme proteins®). (5) The designed catalysts are tested in

alkane-oxidation reactions. The activity test results and results of the
structural studies are evaluated to obtain structure-activity relationships that
form a basis for making further improvements in the catalyst. This feedback

procedure gives an iterative method for optimizing catalytic properties.

The reaction catalyzed by the monooxygenase cytochrome P,s; uses molecular
oxygen to oxidize alkanes at ambient temperatures. The reaction may be amenable
to molecular engineering techniques that will result in a synthetic methane-
oxidation catalyst. The active site of cytochrome P,5, contains an iron-
porphyrin (heme) prosthetic group. Cytochrome P,5, uses two equivalents of
reduced nicotinamide adenine dinucleotide (NADH) to activate molecular oxygen;
the resulting high oxidation-state Fe-oxo intermediate then attacks a C-H bond of
the alkane by inserting an oxygen atom.

The protein matrix surrounding the iron porphyrin serves to protect and
control access to the catalytic site. Because the X-ray crystal structure of
cytochrome P,s, is known, we can use the structure of the active site of the
enzyme to guide the design of a synthetic analog specifically engineered for
methane activation rather than oxidation of biological substrate molecules. The
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X-ray crystal structure of cytochrome P,so of Pseudomonas putida® shows several -
features of the active site that might be engineered into a synthetic porphyrin.
First, the enzyme has a hydrophobic pocket of the same size and shape as the
substrate (camphor). The pocket promotes selective binding of the substrate
molecule without axial coordination to the metal. The pocket also orients the
camphor molecule so that only a specific carbon atom of camphor is
(regioselectively) hydroxylated. Second, the pocket is rigid, thus maintaining
its size and shape in the absence of substrate. The pocket’s rigidity prevents
the enzyme from self oxidation and probably self destruction. Finally, the
asymmetric environment of the iron porphyrin in the protein provides a mercapto-
sulfur ligand opposite the substrate binding pocket. The electron donating
thiolate ‘ligand is thought to facilitate cleavage of the 0-0 bond, thus,
promoting formation of the active oxo iIntermediate.

To design a homogeneous metalloporphyrin-based catalyst for methane
activation, two major problems must be addressed. First, a catalytic center
capable of hydroxylating methane with high catalyst-turnover rates is required.
This property is determined by the choice of metal, axial ligands, and electronic
properties of the porphyrin macrocycle. We are addressing this problem by
examining a variety of metalloporphyrin catalysts with a range of alkanes of
decreasing molecular weights. The idea is to identify the porphyrins with high
activity for the harder-to-oxidize gaseous hydrocarbons, methane in particular.
The second major problem is to control which species have access to the active
site. Because alkanes bind only via weak van der Waals interactions, detection
of alkane binding itself presents a formidable obstacle to experimental studies
aimed at determining what species can enter the cavity. One approach is to use
comparative studies of the hydroxylation of various alkanes to determine which
alkanes can enter the pocket. These studies also provide information about such
properties as the size and shape of the pocket and the ability to select the
carbon atom at which hydroxylation occurs (regioselectivity).

Here, we report on recent efforts to design, synthesize and test a
regioselective alkane-to-alcohol catalyst based on the carboranyl porphyrins.
The bulky carboranyl units attached to porphyrins like the one shown in Figure 1
provide a means of controlling the chemistry at the site of 0, activation and C-H
bond addition. By varying the structure of the porphyrin macrocycle and the
nature of the connectors between the carborane units and the phenyl rings, a
cavity was designed that controls access of various substrates, oxidants,
products, and solvents to the reactive metal center. In this way, these
porphyrins are being engineered to mimic the active site of cytochrome P,s,.

Experimental Procedures

Materials. The catalysts used in this work include manganese(III)
tetra(pentafluorophenyl) porphyrin (MnTpFPPX), where X represents an axial
ligand, manganese(III) tetra(2'-carboranylphenyl-anilide) porphyrin chloride
(MnTCBPPCl), and the manganese(III)-chloride derivative (MnTDNPPCl) of
tetra(2’',6'-dinitrophenyl) porphyrin free base (H,TDNPP). H,TpFPPCl was obtained
from Porphyrin Products and converted to the Mn(III) derivative. The icosahedral
carboranyl porphyrin, which was synthesized at the University of California at
San Francisco by Stephen Kahl!? using the Rothemund condensation, was converted
anerobically to the Mn(III)Cl derivative by dissolving it in methanol containing
MnCl, at room temperature. Isomerization of the carboranylphenyl substituents is

not expected under these conditions. H,TDNPP was synthesizedll using a
modification of the method recently reported by Lindsey.l2 Methylene chloride
(99+%) was used as the solvent in the activity tests. Methylene bromide or

methylene chloride were used in imidazole titration experiments. The oxidant was
either O, or iodosylbenzene (IOB) prepared from the reaction of iodosobenzene
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diacetate with NaOH.1® The alkanes used for various tests were cyclohexane
(99+%), and n-hexane (99%). Sodium borohydride (NaBH,) was used as a reductant
(analogous to NADH in the cyctochrome P,5y reaction) when O, was used as the
oxidant, NaBH, was obtained commercially and used without further purification.
Imidazole (Im) was obtained commercially and purified by distillatiom.

Reaction Conditions. Reactions with cyclohexane and hexane were performed
in the solution phase in an argon atmosphere glove box. Methylene chloride was
the solvent. The ratio of reactant:oxidant:catalyst was 1100:20:1 on a mole
basis. These reactions were carried out at ambient temperatures (about 30° C)
and at atmospheric pressure. Reactants were stirred at 1000 rpm. Reaction times
were 2 h. For the run with MnTDNPP, a solution of 3.98 umoles of the porphyrin
and 17.57 mg of iodosylbenzene in 1.1 ml of methylene chloride and 0.5 ml of
cyclohexane was stirred in a glove box for two hours. Product yields were 2 and
9 pwmoles of cyclohexanone and cyclohexanol, respectively.

Product Analysis. Oxidation products were identified using gas
chromatography/mass spectrometry techniques and quantified using capillary column
gas chromatographic techniques with commercially available compounds as
standards. Product yields are reported as the number of catalyst turn-overs
during the 2 h run. Typically, however, the reaction stops after only 30 min,
because the supply of oxidant is exausted.

Molecular Modeling. CAMD was carried out on an Evans&Sutherland PS390
graphics work station using a MicroVAX II host computer. Three dimensional
graphical display and molecular energy-optimization and dynamics calculations
were performed using BIOGRAF software (BioDesign).

Results and Discussion

A Mn(III)-carboranyl porphyrin that has some of the structural features of
cytochrome P,sq is shown in Figure 1. The porphyrin (a*-MnTCBPP) has all four
ortho substituents on the phenyl rings oriented toward the same side of the
porphyrin plane (o* isomer). For the o* isomer, the bulky carborane groups at
the ends of the 3-atom chain, which links them to the phenyl rings, form a pocket
adjacent to the Mn atom in the macrocycle. A possible cavity can be seen in the
graphical display of the carboranyl porphyrin (Figure 1). The energy-minimized
structure with van der Waals surfaces displayed (not shown) best shows that the
pocket exists and is large enough to contain methane and molecular oxygen.
Further, the cavity is small enough to prevent other test-system components (e.
g. solvent, promoters) from reaching the reactive center. Thus, the carboranyl
porphyrin shows potential for providing the size-recognition features required
for selective substrate binding. Moreover, molecular dynamics calculations in
the presence of model organic solvents (e. g. pentane) show that it is
energetically favorable for methane to bind in the pocket of the oxo
intermediate. Two features that we would like to tailor into the porphyrin are
not yet incorporated. First, the dynamics calculation shows that the carboranyl-
porphyrin pocket is not as rigid as we think is required based on the enzyme’s X-
ray crystal structures.? And, second, P,5's thiolate ligand has not been
provided, although we have been able to mimic the thiolate ligand with a
nitrogenous base (imidazole). Although these two features are not incorporated
in an optimum way into the catalyst, nevertheless, experimental studies of the
catalyst provide information on how well the cavity controls reactions occurring
at the protected site, and, the experimental results obtained using the
carboranyl porphyrin can be compared to predictions of the molecular modeling.

One prediction of the molecular modeling studies is that a nitrogenous
ligand such as imidazole is too large to coordinate to the metal on the hindered
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side of the porphyrin because it sterically cannot fit into the methane binding
pocket. Imidazole can still coordinate at the open face of the a* isomer,
however. 1In contrast, for porphyrins that are not sterically hindered, such as
Mn(III) tetraphenyl porphyrin (MnTPP) and MnTpFPP, both faces of the macrocycle
are available for axial ligation of imidazole. Indeed, changes in the uv-visible
absorption spectrum of MnTPP and MnTpFPP, obtained as a function of imidazole
concentration, show that two imidazole molecules successively coordinate
(equilibrium association constants for MnTpFPP with Im in methylene bromide,
logK, = 2.0; logK, = 3.1). Oun the other hand, the spectral changes for the
Mn(III) a*-carboranyl porphyrin indicate that only one imidazole molecule binds
and that this one-to-one complex is completely formed at 0.1 M imidazole (in
methylene chloride, logk = 2.5). For the unhindered porphyrins very little
(~20%) of the 1:1 complex is formed before subsequent formation of the 2:1
complex.

One consequence of the lack of coordination of imidazole on the hindered
face of the carboranyl porphyrin is that we have successfully mimicked the single
axial ligand of the iron in cytochrome P,s,. In the protein, only one thiolate
ligand binds because only one ligand is available from the heme's asymmetric
protein environment; in the carboranyl porphyrin case only one ligand can bind
because of imidazole’s lack of access to the small cavity formed by the carborane
units. The mimicry of the thiolate ligand of cytochrome P,s; by an imidazole is
good since a single imidazole ligand is known from our work and that of
others!4.15 to promote the catalytic activity of manganese porphyrins.

We can also exploit the formation of the 1:1 imidazole complex with the
carboranyl porphyrin to block alkane-activation reactions at the open face of the
porphyrin and force the reaction to occur in the cavity. We wish to block the
open face because the reaction at this site is not expected to show significant
regioselectivity for primary carbons. The bars in Figure 2 illustrate the
relative yields of alcohols under various reaction conditions. The first bar on
the left shows the yield of hexanols for an unhindered porphyrin, in this case
MnTpFPP. The MnTpFPP result is shown for comparison with the a*%-MnTCBPP tests.
(In this case, we have circumvented the use of molecular oxygen as the oxidant by
using a single oxygen donor (iodosylbenzene) to generate the active intermediate
directly without the use of reductants. The iodosylbenzene oxidant system is
more stable and chemically less harsh than the reductant-0, system.) When
imidazole is absent (second bar in Figure 2), the open face of a%-MnTCBPP is
available to cyclohexane, which is hydroxylated with a yield comparable to the
unhindered porphyrin. The molecular modeling work indicates that the reaction
primarily occurs on the open face because neither cyclohexane nor iodosylbenzene
have access to the metal site on the sterically blocked face of the carboranyl
porphyrin.

The third bar in Figure 2 illustrates that when imidazole is added (0.1 M)
the yield is greatly reduced demonstrating that the coordination of imidazole
effectively blocks the alkane-oxidation reaction. This result is consistent with
our studies of the yield as a function of imidazole concentration for unhindered
porphyrins. Such studies show that the complex with imidazole blocking both
axial ligand sites is inactive. In the case of the carboranyl porphyrin, one
axial position is sterically blocked and the other has imidazole bound;
therefore, little activity is observed. A small amount of substrate oxidation
might still occur at the open face because of rapid equilibrium of imidazole
association and dissociation at the manganese.

The fourth bar illustrates that when hexane rather than cyclohexane is used

as the substrate only a trace amount of hexanol is produced. Less hexane is
oxidized than cyclohexane (third bar, Figure 2) partly because hexane has two
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primary carbons, which are harder to oxidize than the carbons of cyclohexane.
However, it is not clear why so little hexanol is produced relative to
cyclohexanol. One might have expected some hexane oxidation since CAMD
techniques show that the end of the hexane molecule could reach the protected
metal site. However, molecular modeling also suggests that the oxo intermediate
cannot be formed in the pocket because iodosylbenzene cannot readily reach the
manganese atom. .

Finally, if molecular oxygen, which can enter the pocket, is used as the
oxidant, then we might expect some hydroxylation of hexane with regioselectivity
for the primary alcohol. The fifth bar in Figure 2 shows the yield of hexanols
obtained when 0, is used as the.oxidant. In this test sodium borohydride is used
to reduce the catalyst, which then binds 0,. This species is subsequently
reduced again yielding the active manganese-oxo intermediate. The total yield of
hexanols is minute primarily because the NaBH,-0, system rapidly destroys the
catalyst,1® as shown by the rapid bleaching of the porphyrin absorbance during
the reaction. Another reason for the low yield is that it is statistically
unlikely for the end of the hexane molecule to work its way into the cavity.
Nevertheless, some activity is observed. Preliminary results (not shown)
indicate that the yield of primary alcohol (l-ol) increases relative to the
secondary alcohols (2-ol and 3-o0l) when compared to an unhindered porphyrin
(first bar). A less harsh 0, activation reaction than the NaBH, system is
necessary to increase the yield. Preliminary estimates of the primary
regioselectivity for the MnTCBPP-imidazole-NaBH,-O, system appears to compare
favorably with hydroxylation of hexane by the bis-pocket porphyrin, Mn(III)
tetra(triphenylphenyl) porphyrin,!’ also a size selective catalyst. The primary
regioselectivity of the latter porphyrin is better than for some cyctochromes
P,sp, 18720 showing that a synthetic catalyst can be as regioselective as the enzyme
itself.

One way to solve the problem of protecting the open face of the carboranyl
porphyrins is to synthesize a porphyrin having no open faces. One possibility is
the di-ortho-phenyl analog of the carboranyl porphyrin, which is shown in Figure
3. Recently, we have succeeded in synthesizing the precursor of this class of
bis-deep-pocket porphyrins, namely H,TDNPP and its diamino derivative.ll Efforts
are underway to synthesize several bis-deep-pocket porphyrins based on H,TDNPP.

The manganese(II1I) derivative of H,TDNPPCl is interesting in its own right
as a potential methane-activation catalyst because (1) it provides shallow
cavities at the metal on both faces of the macrocycle and (2) the iron derivative
of the related mono-nitro-phenyl-porphyrin has recently been reported to activate
methane.4 We have not yet tried to oxidize methane with MnTDNPP, but we have
demonstrated that MnTDNPPCl has catalytic activity for converting alkanes to
alcohols as demonstrated by the oxidation of cyclohexane. Turnover numbers for
the 2-h run were 0.5 for cyclohexanone and 2.2 for cyclohexanol. Uv-visible
absorption spectra at the end of the run showed the presence of a Mn(IV) or Mn(V)
porphyrin intermediate species, thus, indicating that the reaction had probably
not run to completion.

Conclusions

We have shown that the chemistry occurring at the open face of the deep-
pocket porphyrin can be controlled by axial ligation, which forces the reaction’
to take place in the cavity. Preliminary tests indicate regioselectivity of
alkane oxidation by a manganese(III) deep-pocket porphyrin in a reaction using O,
as the oxidant.
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MnTDNPP, a precursor in the synthesis of deep-pocket porphyrins with the
pockets on both faces of the porphyrin, has been synthesized and its manganese
derivative was shown to be active in alkane oxidation. MnTDNPP may also be
interesting from the point of view of methane and ethane activation.
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Figure 1. Oxo-metallo-a*-tetra(2’-carboranylphenyl-anilide) porphyrin. Energy
minimized BIOGRAF structure (not global minimum).
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Figure 2. Alkane hydroxylation by designed Mn(III)-a%-tetra(2'-carboranyl-
phenyl-anilide) porphyrin catalyst.
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Figure 3. Example of a bis-deep-pocket carboranyl porphyrin that can be
synthesized from tetra(2’,6'-dinitrophenyl) porphyrin. BIOGRAF structure not
fully energy minimized.
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